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ABSTRACT
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varieties
Pages in Study: 170
Candidate for Degree of Doctor of Philosophy
Lentil, black soybean and black turtle have been proved to be phenolic-rich
legume varieties and possess higher antioxidant activity. In this study, the three legume
varieties were subjected to broad range of processing conditions, and the effects on
phenolic contents, antioxidant capacity and individual phenolic acid were investigated.
The results showed all processing methods could decrease the total phenolic content, and
steaming processing could preserve more phenolics and antioxidant activity than boiling
processing. Phenolic acids mainly existed in non-free form and the content of individual
free phenolic acids was dependent on the thermal process applied. When in vitro
gastrointestinal simulation digestion was applied to the thermally processed beans, it was
found that the properties of hydrolysates including total phenolic content, antioxidant
activity, degree of hydrolysis, and ACE (angiotensin converting enzyme) inhibitory
activity were all affected by thermal conditions employed. There was a weak correlation
between the degree of hydrolysis and ACE inhibition. In the current study, for each
legume variety, cooking conditions which yielded the highest phenolic content and
antioxidant activity were selected. Phenolics of the raw and cooked seeds from each

legume variety were extracted, semi-purified (XAD-7) and further fractionated
(Sephadex LH-20). The results showed cooking had great effects on yield, phenolic
content, antioxidant capacity, and individual phenolic compounds. The phenolic content
and antioxidant activity could be enriched tremendously in the semi-purified extracts and
some fractions. Some phenolic compounds which were absent in raw material could be
found after cooking in the fractions and some phenolic compounds which were present in
raw material disappeared after cooking. Among crude phenolic extracts, semi-purified
extracts and fractions, only crude extracts showed ACE inhibition. In addition, protein
isolates from the legumes varieties were treated with in vitro GI (gastrointestinal)
digestion and then separated by ultrafiltration, DEAE anion exchange chromatography
and gel permeation chromatography. After ultrafiltration, the lowest molecular weight
fraction (< 3kD) had the highest ACE inhibition and the three legume varieties showed
different peptide distribution, ACE inhibition, and antioxidant profile in the hydrolysates.
Gel filtration chromatography further revealed that the most potent ACE inhibitors were
peptides of 2-5 amino acids long.
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CHAPTER I
INTRODUCTION
Cardiovascular diseases (CVD) are the leading cause of mortality globally and
CVD caused deaths account for 30% total deaths in 2008 (World Health Organization
2014). Accumulated epidemiological evidence reveals that phenolics in the diet
contribute to the attenuation and delay of onset of cardiovascular diseases (CVD) (Fraga
and others 2010). Numerous epidemiological studies have proved correlation between the
consumption of legume and the decrease of incidence of cardiovascular diseases. Even
though the causative relationship has not been clearly elucidated, the bioactive
compounds including phenolics and peptides derived from protein are thought to
contribute to the observed health effects (Lotito and others 2000; Arnoldi and others
2015). Legumes, which are rich in phenolic compounds, have been proved to be related
to amelioration of various CVDS including hypertension (Jayalath and others 2013;
Wang and others 2011b). With rat and human cardiomyocytes, our group (Yao and others
2010) found lentil extract significantly reduced Ang II induced hypertrophy and ROS
stress and the effects were dose-dependent. In an animal study with rat, we (Xuan and
others 2013) further confirmed the effect of lentil extract on the attenuation of Ang II
mediated cardiovascular impairments including cardiac hypotrophy, small arterial
remodeling in heart and kidney, elevated blood pressure, and perivascular fibrosis.
Legumes must be cooked before eating because of the presence of anti-nutrients such as
1

phytic acid, lectin and trypsin inhibitors. However, information is lacking regarding the
hydrolysate properties of whole beans which are subjected to various thermal processing
conditions. Thermal processing of legumes not only affect extractable phenolics, it might
also influence the bioaccessibility and hence antioxidant potency. Extensive research has
proven that phenolic composition and antioxidant capacity are affected by thermal
conditions. However, little information is available regarding the profile of phenolics in
vivo. Due to the big differences between in vitro chemical extraction and the in vivo
physiological conditions, the data derived from former may not accurately reflect the
latter. Liyana-Pathirana and Shahidi (2005) reported that the simulated gastric pH
condition facilitated the release of phenolic compounds and enhanced antioxidant
activity. Duenas and others (2007) further proved that treatment of some enzymes could
alter the content of individual phenolics. As a result, there is a need to investigate
antioxidant activity of digests of legumes subjected to various thermal conditions.
Accurately identifying and quantifying phenolics in legumes are critical for the
development of functional food and supplements (Ross and others 2009). In fact, bound
and highly polymerized phenolics can’t be absorbed in the digestive tract (Bravo and
others 1994). In view of the low level of phenolics in the diet and the low absorption rate
in the human body, it is necessary to take dietary supplements, which contain adequate
phenolics to achieve in vivo efficacy (Guerrero and others 2012b). Some flavonoids have
demonstrated relaxing effect on contracted arterial rings and the relaxing potency is
largely dependent on the structure of phenolics (Fusi and others; Guerrero and others
2002; Zhang and others 2000). In addition, a lot of peptides derived from various food
sources have demonstrated in vitro or in vivo ACE inhibitory activity and blood pressure
2

lowering potential in animal studies or clinical trials. However, it should be noted that in
vitro ACE inhibitory activity of some peptides does not always reflect their in vivo
hypotensive potency. After oral administration, some peptides might lose their ACE
inhibition because of the proteolysis in the digestive tract (Wu and Ding 2001). Even
intravenous infusion can’t assure the intactness of the ACE inhibitory peptides due to
degradation induced by the plasma peptidase. This is why we select in vitro simulated
gastrointestinal digestion in current study. In human body, if reactive oxygen species
(ROS) can’t be removed by the antioxidant defense system, oxidative stress would ensue
which mediates the development and progression of chronic diseases including
hypertension, atherosclerosis and diabetes (Johansen and others 2005). Given the
causative relationship between oxidative stress and degenerative diseases, control of
oxidative stress becomes an effective approach to prevent diseases (Sarmadi and Ismail
2010). In 2005, we (Liu and others 2005) reported that rats administered isoflavone
extract, tofu and vitamin E had higher SOD and catalase activities in various organs and
tissues. In this study, tofu-based diet, even though had lower isoflavone content, showed
a more pronounced effect than diets with much higher isoflavone contents. This
suggested other compounds in tofu might have contributed to the biological effects. In
another study, Wang and others (2008) also found rats fed with Douchi water extract
which had high antioxidant activity and was rich in peptides showed elevated SOD and
catalase activity in liver, GSH-Px activity in kidney and decreased serum thiobarbituric
acid reactive substances (TBARS) in both liver and kidney. This entails the supply of
antioxidants to strengthen the antioxidant defense system. Due to the proved toxicity of
synthetic antioxidants, natural antioxidants from food sources are more preferred (Ito and
3

others 1985). Although synthetic antioxidants are effective, food antioxidants can be
equally potent if high doses are present. Therefore, in this study, purification and
fractionation of phenolic extracts from legumes were conducted in an attempt to augment
their antioxidant potential.
The objectives of this study were:
1.

To investigate the effect of a broad range of thermal treatments on
phenolic contents and antioxidant capacity of three legume varieties.

2.

To study the properties of hydrolysates after in vitro simulated
gastrointestinal digestion of legumes, which are subjected to various
thermal treatments.

3.

To determine the effects of heating, purification, fractionation on the
yield, phenolic contents, antioxidant capacity, ACE inhibitory activity.

4.

To identify the phenolic compounds by HPLC-MS.

5.

To study the peptide properties after in vitro simulated gastrointestinal
digestion of legume protein isolates.

6.

To identify the peptides with potent ACE inhibition.

4

CHAPTER II
LITERATURE REVIEW
2.1

Legumes
Second only to cereals, legumes offer a large quantity of foods to meet the

requirement of mankind. Different from cereals, legumes are rich in complex
carbohydrate, high quality protein, dietary fiber, minerals and phenolic compounds.
Protein contents of most legume seeds range from 15 to 25%, which is approximately
twice that of most cereals (Lee and others 2008). For soybean and pupin, the protein
contents can reach around 40% on dry basis. 2016 is the UN-declared International Year
of Pulses (IYP), the aim of which is to raise public awareness of the nutritional benefits
of pulses as part of sustainable production (FAO 2016). Worldwide, the contribution of
legumes to human nutrition has been largely underestimated.
Numerous epidemiological studies have proved correlations between the
consumption of legume and the decrease of incidence of cardiovascular diseases. Even
though the causative relationship has not been elucidated, the bioactive compounds,
including phenolics and peptides derived from protein are thought to be contributable to
the observed health effects (Lotito and others 2000; Arnoldi and others 2015). For
example, Lazzé and others (2003) proved that anthocyanins could attenuate cell toxicity,
DNA single strand break and lipid peroxidation of rat smooth muscle cells when treated
with tert-butyl-hydroperoxide (TBHP).
5

2.2

Hypertension
It is well known that hypertension is a major risk factor for a large variety of

cardiovascular diseases, such as stroke, coronary heart disease, heart failure, and
myocardial infarction (Kannel 1996). One-quarter of the world's adult population is
afflicted by hypertension, and this number is likely to increase to 29% by 2025 (Mittal
and Singh 2010). Hypertension is a major health problem in the United States afflicting
70 million people (about 1 in 3 adults), according to the US Center for Disease Control
and Prevention (CDC). Hypertension can cause injuries to the brain, eyes and kidneys
leading to heart attacks and strokes. Therefore, amelioration of hypertension becomes a
major strategy to control cardiovascular diseases (CVD) (Garcia-Mora and others 2015).
Hypertension is a multifactorial process in which ACE plays an important role
(Hernández-Ledesma and others 2003) in the development of hypertension. It is well
established that hypertension is mainly mediated by reactive oxygen species (ROS),
which acts on neuronal, renal, vascular and cardiac systems. NADPH oxidase (Nox) is
the major source of ROS generation. As Figure 2-1 illustrates, angiotensin-II (blood
vessel constriction peptide) elicits the generation of reactive oxygen species (ROS)
through NADPH oxidase and expressions of proinflammatory cytokines such as
interleukin-6 and monocyte chemoattractant protein-1 by arterial smooth muscle cells
(Griendling and others 1997; Kranzhöfer and others 1999). Excessive ROS (There are a
number of ROS in the biological systems, including oxygen free radicals such as
superoxide anion, hydroxyl, peroxyl, alkoxyl and hydroperoxyl radicals and non-radical
reactive species such as H2O2, HOCl, ONOO, NO, and 1O2), in appropriate
concentrations, serves as a regulator for biological systems, but in excessive
6

concentrations, they have toxic effect on the biological systems. If not removed by
superoxide dismutase (SOD)-catalase enzymes, ROS will elicit a series of enzymatic and
cellular changes within the endothelium of the artery walls and smooth muscle cells
leading to not only inflammation but also contraction of the blood vessels and resulting in
hypertension, cardiohypertrophy and vascular remodeling (hardening and thickening of
artery). In this process, the nitric oxide (NO) plays an important role to keep relaxation of
vascular smooth muscle cells (VSMC). The nitric oxide formed in endothelium by nitric
oxide synthase enters underlying smooth muscle and binds soluble guanylyl cyclase. The
enzyme is activated and mediates the formation of cGMP from GTP. cGMP causes the
relaxation of smooth muscle (Zhang and others 2000). However, superoxide ion can react
with nitric oxide, a vasodilating compound to produce peroxynitrite (ONOO-) and in this
way, vascular dysfunction can be invoked (Butler and others 1995; Schroeter and others
2006). In essence, oxidative stress is a major initiator of various diseases including
hypertension, diabetes, coronary diseases, atherosclerosis with damage of proteins, lipids
and DNA. Thus, attenuating oxidative stress through scavenging ROS becomes a
therapeutical alternative. A multitude of human and animal studies have proved that
ingestion of phenolics or phenolic-rich foods could increase the level of nitric oxide or its
metabolites in plasma and urine (Mukai and Sato 2009). For the hypertension mechanism
presented in Figure 2-1, it is clear that inhibition of ACE, NADPH oxidase (Nox),
scavenging ROS are all possible approaches to antagonize hypertension. Emerging
evidence has proved that phenolics from the diet can fulfill these roles.
Even though only about 50 percent of hypertension cases are under control,
hypertension can be attenuated to some extent by the change of lifestyle, such as reducing
7

sodium intake, regular physical activity, abstention from smoking and alcohol, reducing
stress and health-promoting diet (Kearney and others 2004; Maruthur and others 2009).

Figure 2.1

2.3

Roles of ROS in the formation of hypertension.

Role of ACE and angiotensin II (Ang II) in the development of hypertension
Angiotensin II (Ang II), generated in the renin-angiotensin system, is a

predominant factor in the development of various cardiovascular diseases (CVD), such as
cardiac hypertrophy, hypertension, heat failure, coronary disease, atherosclerosis, cardiac
and vascular thickening and remodeling. Through AT1 receptor, which is widely
distributed in the human body, Ang II leads to a huge range of biochemical reactions and
thus result in the CVD. Other than the ROS induced hypertension, angiotensin II plays a
vital role in the pathophysiology of cardiovascular and renal diseases in humans, such as
heart failure, cardiac hypertrophy, vascular thickening, atherosclerosis and
glomerulosclerosis. Accumulating evidence demonstrates that Ang II might directly
8

evoke cardiovascular and renal diseases without causing blood pressure increase (Kim
and Iwao 2000).
ACE plays a key role in the regulation of arterial blood pressure in the reninangiotensin-aldosterone system. ACE is widely distributed in human body as a
membrane-bound enzyme especially in vascular endothelial cells (Sibony and others
1993; Stevens and others 1988). There are two ACE isoforms transcribed from the same
gene: somatic ACE and testis ACE. ACE has two domains (N and C domains), which
contain one active site each. It has been postulated that only C-domain is responsible for
the control of blood pressure (Fuchs and others 2004; Junot and others 2001). ACE
causes hypertension via functioning in two systems: the renin-angiotensin system (RAS)
and kinin-nitric oxide system (KNOS). In the RAS, angiotensin I is generated by renal
renin through cleavage of N-terminus of angiotensinogen. Angiotensin I is a decapeptide
which is transformed to angiotensin II through removal of a dipeptide from C-terminal by
ACE. Angiotensin I itself is inactive, but angiotensin II is a potent vasoconstrictor acting
on smooth muscle cells as mentioned above. Meanwhile, angiotensin II can also enhance
the release of sodium-retaining steroid, aldosterone from the adrenal cortex, thus
elevating blood pressure (Li and others 2004). In the KNOS system, bradykinin is a
nonapeptide produced from kininogen by kallikrein. Bradykinin binds to β-receptors and
elevates the intracellular Ca2+ level which stimulates endothelial nitric oxide synthase
(eNOS) to convert L-arginine to nitric oxide (NO), a powerful vasodilator. NO is a
messenger which is employed by the inner lining of blood vessels to signal surrounding
vascular smooth muscle cells (VSMC) to relax through its action on guanylate cyclase
and thus give rise to vasodilation for increased blood flow, and depressed blood pressure
9

(Wijesinghe and others 2011). ACE degrades bradykinin into inactive fragments and
therefore reduces the formation of NO (FitzGerald and others 2004). Angiotensin II can
also cause hypertrophy. During the development of hypertrophy, not only the size of
myocyte increases, myocyte gene reprogramming also happens. This includes enhanced
expression of fetal phenotypes of genes such as atrial natriuretic factor (ANF), β- heavy
chain (β-MHC), skeletal α-actin. Except cardiac myocytes, Ang II can also cause the
change of fibroblasts characterized by accumulation of ECM (extracellular matrix)
proteins such as collagen and fibronectin in the interstitium and around blood vessels
within the heart, which leads to ventricular fibrosis or remodeling. Given the mechanism
of the hypertension development, two major classes of drugs have been invented: ACE
inhibitors (ACEI) and AT-1 blockers (ARB) (de Cavanagh and others 2004).

10

Figure 2.2

Role of ACE in the development of hypertension.

(Li and others 2004)
2.4

ACE inhibition
Angiotensin I converting enzyme (ACE), as a membrane bound enzyme, is a

dipeptidyl carboxypeptidase with a zinc cofactor. ACE is a single polypeptide chain with
two domains which contain a catalytic site each (Ortiz-Salmerón and others 1998). Since
the recovery of the ACE-inhibitory peptide from venom, a lot of peptide-based drugs
have been invented as major therapeutical approaches dealing with hypertension.
Administration of ACE inhibitors has been proved efficacious for the alleviation of
various CVDs including coronary disease, heart failure, post-myocardial infarction (Izzo
and Weir 2011). However, side effects of administration of these synthetic drugs have
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been revealed, such as dry cough, loss of appetizer, rash, dizziness, renal failure, and
angioneurotic edema (Israili and Hall 1992; Antonios and MacGregor 1995). In view of
these adverse effects, attention is being turned to natural ACE inhibitory compounds
including phenolics and peptides.
2.5

ACE inhibition by peptides
Peptides with ACE inhibition potential have been derived from proteins of plants,

animals and microorganisms. These peptides are inactive within protein sequence unless
they are released by proteolysis or processing. The mechanism of ACE inhibition is not
clear. Competitive, non-competitive, and uncompetitive inhibition modes have all been
reported with regard to different peptides (Nakagomi and others 1998; Sato and others
2002). According to Fujita and others (2000), ACE inhibitors are classified into three
groups: (1) substrate type which is hydrolyzed by ACE and becomes weaker or inactive;
(2) inhibitor type which is not affected by ACE and (3) prodrug type which is converted
to inhibitors by ACE or gastrointestinal proteases. It is commonly believed that the
binding to ACE is greatly affected by the substrate sequence of C-terminal tripeptide,
because these peptides can interact with the subsites of ACE active site: S1, S1ˈ, and S2ˈ
(Ondetti and Cushman 1982). Hydrophobic amino acids (with aromatic or branched side
chains) of the C-terminal tripeptides in substrates or inhibitors are preferable for ACE
interaction (Li and others 2002; Li and others 2004). Those with dicarboxylic amino
acids such as glutamic has little affinity for ACE (Cheung and others 1980). It should be
noted that apart from ACE inhibition, bioactive peptides exert their antihypertensive
functions through multiple mechanisms including renin inhibition, angiotensin receptor
blocking, being as sources of arginine for nitric oxide generation (Udenigwe and Mohan
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2014). Even though the three legume varieties all have vicilin and legumin as their major
storage proteins, the composition and sequence of constituent amino acids differ greatly
(Joce and others 2010; Rui and others 2011; Montoya and others 2008). In our current
study, due to the different protein compositions of the three legume varieties under
investigation, different peptide composition, antioxidant capacity and ACE inhibitory
activity are expected.
2.6

ACE inhibition by phenolics
Animal studies have proved that administration of phenolic extracts, separated or

pure phenolic compounds lead to reduced mean arterial pressure (MAP) or systolic blood
pressure and ACE activity of serum (Gasparotto Junior and others 2011; Alam and others
2013; Yao and others 2010). A number of phenolic extracts and separated phenolic
compounds from various plant sources have also exhibited ACE inhibitory activity in
vitro. However, great differences in the suppression of ACE were found due to different
composition of extracts and differing chemical structures of phenolics (Actis-Goretta and
others 2006; Al Shukor and others 2013; Loizzo and others 2007). The in vitro ACE
inhibitory activity and mode of phenolics depend on their unique structures. The
comparison of ACE inhibitory activity of phenolic compounds from different phenolic
classes demonstrated that tannic acid belonging to tannin class showed much higher ACE
activity than phenolic compounds from other classes such as flavonoid, phenolic acid and
stilbene (Al Shukor and others 2013). Tannins bind somewhere outside of ACE active
site and the ACE inhibition increases with size of tannins (Wijesinghe and other 2011).
Docking study revealed that phenolic acids were prone to chelate the zinc ion in the
active site of ACE through change-charge interaction via carboxylate groups and
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interactions with ACE active site were also available to render the complex stable.
Phenolic acids shared the similarity with lisinopril in the inhibition of ACE (Al Shukor
and others 2013; Natesh and others 2003). As a zinc metallopeptidase, the interaction
with the zinc at active site is considered as essential in the inhibition of ACE, for
example, quercetin binds to the zinc ion by the 3-hydroxyl group in the C-ring;
epicatechin forms interaction with the zinc ion with the C-7 hydroxyl group. However,
according to quantum mechanical and molecular mechanical (QM/MM) study, inhibition
can be achieved without bonding with zinc (Wang and others 2011c). For example, rutin
had no interaction with the zinc ion but showed ACE inhibition (Al Shukor and others
2013). Multiple interactions between phenolics with amino acid residues within the active
site of ACE were also observed, such as hydrogen bonding, charge-charge interaction and
pi (stacking interaction). Like the roles played in antioxidant activity, the presence and
number of carboxyl, hydroxyl, acrylic acid, keto groups improve ACE inhibitory activity
through their hydrogen bonding with ACE. It has been established that the 3-hydroxyketo had a strong affinity for the zinc ion of ACE, which was reflected by the higher ACE
inhibitory activity of quercetin than epicatechin (Dangleterre and others 2008). Guerrero
and others (Guerrero and others 2012b) determined ACE inhibitory activities of 17
flavonoids belonging to five structural subclasses and conducted activity-structure
relationship studies. The authors found that the contributions of structural elements to the
ACE inhibitory potential varied greatly. The presence of C2=C3 double bond in the Cring, the catechol group in the B-ring and the C-4 carbonyl group in the C-ring are main
structural features contributing to ACE inhibitory activity of flavonoids. The presence of
3-hydroxy group caused the reduction of ACE inhibitory potential and the glycosylation
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of this group lead to further reduction. Based on IC50 values, the order of most potent
ACE inhibitors from high to low were luteolin > quercetin > rutin > kaempferol >
rhoifolin > apigenin. The docking study further illustrated that these flavonoids share
most of the intermolecular interactions at the S1 site of ACE with synthetic ACE
inhibitors such as captopril, lisinopril, or enalaprilat. Actis-Goretta and others (2006)
compared the ACE inhibitory activity from a wide range of phenolics and found that
procyanidin hexamer had the highest inhibition potential followed by dimer and
epigallocatechin. While other phenolics such as gallic acid, kaempferol, quercetin and
resveratrol just exhibited marginal ACE inhibition compared with procyanidin. Intake of
pomegranate juice rich in phenolics was found to significantly reduce the ACE activity of
serum and systolic pressure of hypertensive people (Aviram and Dornfeld 2001). With
cell line EAhy926 from the inner lining of human blood vessels, dieckol was proved to
increase the production of NO in a dose-dependent manner (Wijesinghe and others 2011).
All the ACE inhibition studies in the literature were conducted with phenolic extracts
from plants. As purification of crude extract can greatly enrich the phenolic content, we
hypothesize that the increased phenolic content should be concomitant with elevated
ACE inhibition.
2.7

Cellular activities of phenolics in antagonizing cardiovascular diseases
The health benefits caused by phenolics are in part contributed to the attenuation

of oxidative stress by antioxidant components which exert an array of cellular activities
(Wang and others 2011b). Gong and others (2010) found rutin attenuated hydrogen
peroxide induced apoptosis of human umbilical vein endothelial cells (HUMVEs) with
decreased DNA fragment formation and intracellular ROS and elevated glutathione
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(GSH) level. With spontaneously hypertensive rats (SHRs), Mukai and Sato ( 2009)
reported that administration of azuki bean extract could decrease blood pressure.
Meanwhile, in aorta and kidney, the expression of iNOS and eNOS was decreased and on
the contrary, production of NO and the caveolin-1 expressions were increased. In another
study, these researchers further demonstrated that after spontaneously hypertensive rats
(SHRs) were fed with the diet containing 1% extract from azuki bean coat extract, O2 –
content and the mRNA expression of NADPH oxidase subunits were decreased. In
addition, the expression of COX-2, and the mRNA expression of MCP-1 and its receptor
CCR2 were also suppressed (Mukai and Sato 2011; Mukai and Sato 2009). Dietary
intervention study showed that administration of flavanol containing cocoa drink gave
rise to increased flow-mediated dilution (FMD), improved peripheral arterial tonometry
(PAT) index, elevated level plasma nitroso sepcies (RXNO) and augmented
concentration of plasma flavanols and their derivatives. However, the infusion of NOS
inhibitor, L-N-mono-methyl-arginine (L-NMMA) drastically reduced the observed FMD
(Schroeter and others 2006).
2.8

Other putative mechanisms of phenolics and peptides in the prevention of
hypertension
Other than the ACE inhibition and antioxidant potential involved in the treatment

of hypertension, phenolic compounds and peptides can also attenuate high blood pressure
through other pathways. With human umbilical vein endothelial cells (HUVEC), Steffen
and others (2007) found that o-methylated metabolites by catechol-O-methyltransferase
(COMT) of epicatechin (EC) inhibited NADPH oxidase (NOX) and consequently
reduced superoxide anion and nitric oxide level. Some phenolic compounds have been
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proved to inhibit the binding of NF-κB to DNA κB site and therefore downregulate the
expression of inflammation genes such as IL-6 (Mackenzie and others 2004; Mackenzie
and others 2009). In the renin-angiotensin system (RAS), renin catalyzed conversion
from angiotensinogen to angiotensin I is the rate-limiting step and some food proteinderived hydrolysates and peptides have been proved to have renin inhibitory activity
(Ajibola and others 2013). In addition, some peptides might be potential angiotensin II
blockers (Yu and others 2014).
2.9

Antioxidant assays and the chemistry behind
Due to the promising perspective of phenolic compounds in the prevention of

diseases, various methods for phenolic content and antioxidant activity assays have been
developed and employed. Because of the incredible differences of chemical structure of
so many phenolic groups, the chemistry involved in their antioxidant activity vary
greatly. In addition, even the same antioxidant can exhibit different behavior in response
to different assay systems. In a study to evaluate the antioxidant activities of catechin
monomer, dimer, trimer, tetramer, pentamer and hexamer, Lotito and others ( 2000)
found that in the LDL oxidation assay, when the radical initiator changed, the order of
these compounds in terms of antioxidant potency changed appreciably.
Antioxidants can be divided to two categories: primary antioxidants and
secondary antioxidants. The former group refers to those inhibiting oxidation directly; the
latter group refers to those that inhibit oxidation indirectly, such as binding pro-oxidants,
oxygen-scavenging. (Shahidi and others 1992). For primary antioxidants, two antioxidant
chemistries are mainly involved: hydrogen-atom transfer (HAT) and singlet-electron
transfer (SET). Phenolic compounds have one or more aromatic rings with hydroxyl
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groups attached, which confers phenolics antioxidant capacity. With respect to HAT,
during the process of antioxidation, one hydrogen atom is donated to the unstable free
radical and the antioxidant becomes phenoxyl radical. Due to the delocalization and
sharing throughout the aromatic ring, the resultant phenoxyl radical is more stable than
the original free radical to which the hydrogen atom is donated. Hence the propagation of
oxidative reactions is retarded or inhibited. The antioxidant activity depends on the
affinity of the hydrogen atom for the hydroxyl substituent of the antioxidant. The weaker
the affinity, the more likely and faster the hydrogen atom is transferred to free radicals.
The bond dissociation enthalpy (BDE) or ionization potential of OH bond is inversely
correlated to the antioxidant activity of phenolic compounds. Due to the lower reduction
potentials of flavonoid radicals compared with superoxide radical and alkyl peroxyl
radicals, the free radical scavenging activity of flavonoids are expected (Wardman 1989;
Jovanovic and others 1992).

Figure 2.3

A mechanism of phenolic antioxidant efficacy; conjugative resonance
stabilization

(Craft and others 2012).
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The single electron transfer (SET) mechanism includes the following steps: (1)
one electron is transferred from antioxidant to the free radical with former becoming a
positive radical and the latter becoming a negative ion; (2) the positive radical transfers a
proton to a water molecule to form a free radical and hydronium; (3) the hydronium gives
one proton to the negative ion to form hydroperoxide and a water molecule. As with HAT
mechanism, the SET steps end up with scavenging of free radical and formation of
antioxidant radical by a net transfer of one hydrogen from antioxidant to the free radical.
In the SET mechanism, the ionization potential (IP) of the first step governs the
antioxidant capacity. Consequently, the SET mechanism is favored under alkaline
conditions due to low ionization potential. Either for HAT or SET mechanism, the
relatively lower reduction potential is the driving force for the transfer of hydrogen from
phenolics to free radicals (Fraga and others 2010).
In fact, for the same antioxidant, the two mechanisms can occur at the same time
and the contribution of each mechanism depends on the reaction system. In general, HAT
reactions are faster than SET reactions (Huang and others 2005).
As secondary antioxidant, phenolic compounds can reduce the accessibility of
metal to oxygen molecule and thus decrease the generation of reactive oxygen species
(ROS). In addition, phenolics can reduce redox potential of metal ions as reducing agent.
The ability of phenolics to bind iron ions is dictated by their chemical structures. Those
with ortho-dihydroxyl groups (catechin), multiple OH groups (tannic acid), 5-OH or 3OH in conjunction with C4 keto group (quercetin) have strong binding capacity (Khokhar
and Owusu Apenten 2003). The resonance and conjugation, which improve radical
scavenging activity, could attenuate the binding efficiency with ions, which might
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diminish reducing capacity of phenolics (Khokhar and Owusu Apenten 2003). It should
be noted that chelation of transition metals does not necessarily mean antioxidation. In
order to cause antioxidant effects, the phenolic-metal complexes must be less potent than
the physiological metal complexes in the formation of free radicals, which largely
depends on the redox properties of the resultant phenolic-metal complexes (Fraga and
others 2010).
The antioxidant activity of a single phenolic compounds is predominantly dictated
by its chemical structure. The hydrogen donating ability and their aromatic structure
make phenolics a potent free radical scavenger with the consequent formation of aryloxyl
radicals (ArO.) (Mota and others 2008). The size, polarity, position of constituents and
even the number of double bonds of the aromatic ring all influence the antioxidant
capability (Craft and others 2012). Compared with flavonols and flavones, the saturation
of C ring of flavanones makes them weaker as antioxidants due to the lack of conjugation
between A and B rings (Rice-Evans and others 1996). Quercetin has been reported to
possess twice TEAC value of catechin due to the presence of double bonds in the
unsaturated C ring which allows the delocalization across the molecule and hence
improves the stability of the aryloxyl radical (Rice-evans and others 1995). The –OH
group plays a vital role in the antioxidant activity, especially the 3-OH and as a result,
glycosylation or removal of hydroxyl groups would decrease the antioxidant capability of
flavonoids (Bors and others 1997; Shahidi and Wanasundara 1992). The Trolox
equivalent antioxidant activity (TEAC) of quercetin was two times higher than that of
rutin, which is formed via attachment of rutinose moiety to the 3-OH of quercetin (Riceevans and others 1995). The position of hydroxyl groups in the B ring also contributes to
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the antioxidant potential of flavonoids. It has been proved that ortho-dihydroxy
arrangement confers higher antioxidant activity than meta arrangement (Rice-evans and
otehrs 1995). It has been found that addition of hydroxyl group to the 5’ position did not
necessarily enhance the antioxidant efficiency, especially in lipophilic systems (Salah and
others 1995). Bors and others (997) postulated three structural characteristics, which
contributed most to the antioxidant activity of flavonoids: (1) double bond at 2,3 position
in the C-ring , (2) presence of 3- and 5- hydroxyl groups with 4-oxo and (3) catechol
structure in the B-ring.
With regard to phenolic acids, cinnamic acid derivatives possess higher
antioxidant activity compared with their respective benzoic counterparts. For example, pcoumaric acid, caffeic acid, ferulic acid, and sinapic acid are more powerful than phydroxybenzoic acid, protocatechuic acid, vanillic acid and syringic acid. The presence
of ethylene group in cinnamic derivatives increases their hydrogen donating ability and
the stability of resultant radicals by resonance (Cuvelier and others 1992; Hung and Yen
2002). The number of hydroxyl groups also affects the antioxidant activity. Addition of
hydroxyl to the phenyl ring in ortho or para position improves the antioxidant efficiency.
For instance, gallic acid with three hydroxyl groups exhibited higher antioxidant activity
compared with protocatechuic acid which had higher antioxidant potency than phydroxybenzoic acid (Rice-Evans and others 1996; Cuvelier and others 1992). Ortho
substitution of methoxyl relative to hydroxyl group could significantly improve
antioxidant efficiency. The order of antioxidant efficiency from high to low was syringic
acid > vanillic aid > p-hydroxybenzoic acid; likewise, the order for their cinnamic
counterparts is sinapic acid > ferulic acid > p-coumaric acid (Cuvelier and others 1992).
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It is believed that the addition of methoxyl or alkyl groups improves the stability of
aryloxyl radicals and hence increases the antioxidant activity. This improvement might be
contributed to the increased stability of aryloxyl radicals. Tannins had higher antioxidant
potential than simple phenolics due to the proximity of hydroxyl groups and aromatic
rings (Hagerman and others 1998). In metal chelation, the 3-hydroxy-4-keto group has
been proved to be the most potent group (Letan 1966). With respect to proanthocyanidins
(condensed tannins), the antioxidant activity was partially determined by the degree of
polymerization (Lotito and others 2000; the number of –OH groups increased with
increase of polymerization and that increased antioxidant capacity.
Given the distinct antioxidant potential of individual phenolics, it is imperative to
identify and quantify the phenolics present in food materials. This would shed more light
on the study of the functions of the food and the separation and purification of the extract.
2.10

Phenolic classification
Widely distributed in grains, herbs, fruits, vegetables and legumes, phenolic

compounds constitute one of the most numerous groups in the plant kingdom. Phenolics
offer plants defense against ultraviolet radiation and attacks from parasites, pathogens
and predators (Beckman 2000). Phenolics are also contributable to organoleptic attributes
such as bitterness and astringency due to the interaction between phenolics and
glycoprotein in the saliva (Dai and Mumper 2010). The presence of anthocyanins confers
various colors to grains, legumes, fruits and vegetables. Phenolic compounds, albeit
diversified, are originally made from phenylalanine or tyrosine. Until now, around eight
thousand phenolic compounds have been identified in plants with several hundred being
found in edible plants (Manach and others 2004). The majority of phenolic compounds
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occur in conjugated form with hydroxyl groups associated with one or more sugars which
can be monosaccharides, disaccharides or even oligosaccharides. The sugars can also be
directly linked with carbon atoms of phenolics to form C-glycosides, in which carboncarbon links can not be broken by acid hydrolysis (Bravo 1998). Phenolics are defined as
compounds composed of one or more benzene rings with hydroxyl groups attached
(Fraga and others 2010). According to their structures, phenolics are generally divided
into several major classes, including phenolic acids, flavonoids, tannins, stilbenes,
coumarins, lignins and lignans (Naczk and Shahidi 2004). Phenolic acids can be divided
into two subclasses: cinnamic acid derivatives and benzoic acid derivatives. The former
group includes caffeic acid, ferulic acid, p-coumaric acid, chlorogenic acid and others;
the latter group is composed of gallic acid, procatechuic acid, syringic acid and others.
Flavonoids are the most abundant group in our diet (Dai and Mumper 2010). The
backbone of flavonoids is the C6-C3-C6 three-ring structure. The three rings are
designated as A, C, and B, respectively. Flavonoids are further categorized into six
subclasses based on the degree of oxidation and unsaturation on the oxygenated
heterocycle (C ring): flavanones, isoflavones, flavones, flavonols, flavanols and
anthocyanins (Dai and Mumper 2010; Fraga and others 2010). Phenolics within each
subclass differ with number, variety and relative position of function groups attached to
the three rings which include hydroxyl, methyl, and sugar moieties.
Tannins are mainly composed of two groups: hydrolyzable tannins and condensed
tannins which were also known as proanthocyanidins. Another group named
phlorotannins is only found in marine brown algae and is not commonly consumed by
humans. Hydrolyzable tannins have a carbohydrate central core (usually D-glucose) with
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a number of gallic acids (gallotannin) or ellagic acid esterified (ellagitannin) partially or
completely (Khanbabaee and van Ree 2001). Hydrolyzable tannins are easily hydrolyzed
to their components by acids (Fraga and others 2010). Condensed tannins are oligomers
or polymers of flavan-3-ol, especially catechin, epicatechin as well as their derivatives.
Adjacent units of condensed tannins are linked by 4-8 carbon-carbon, 4-6 carbon-carbon
and 2-7 ether bonds. According to the hydroxylation pattern of A and B rings, condensed
tannins can be subdivided to procyanidins, prodelphinidins and propelargonidins. For
example, procyanidins are one type of proanthocyanidins made of (-)-epicatechin and
(+)-catechin. The types of constituent monomers and the linkages between monomers
vary among plant species.
As the most abundant metabolites of plants, phenolics have drawn growing
attention of nutritionists and manufacturers due to their marked positive effects on human
health, even though phenolics have no nutritional values (Dai and Mumper 2010). The
potential chemical and biological properties of phenolics include free radical scavenging,
metal chelating, antimicrobial, antiviral, anti-inflammatory, anticarcinogenic, antiallergic
functions (Mota and others 2008).
2.11

Absorption of diet-derived phenolics in human body and their metabolism
Even though the mechanism is not clear, it is known that only about 5% of

phenolic intake in the diet can be absorbed in the duodenum (Clifford 2004). Of this
small portion, the majority (90-95%) would be conjugated as metabolites by glucuronide
conjugation, methylation, sulphate conjugation before entering the circulation (Kroon and
others 2004). This means only around 5% of absorbed phenolics enter the plasma intact
and the rest 95% phenolics reaching tissues are different from those in the diet. The
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structure change of phenolic compounds after absorption affects their physiological
function greatly. For example, according to Steffen and others (2007), the methylation by
catechol-O-methyltransferase offered epicatechin NADPH oxidase inhibitory capacity
which epicatechin itself lacked, even though epicatechin was more powerful than its
methylated form in the scavenging of superoxide ions (O2.-). Apart from conjugation, in
the small intestine, deglycosylation induced by various enzymes also occurs (Day and
others 1998; Németh and others 2003). The unabsorbed 95% of ingested phenolics pass
to the colon for microflora fermentation. In general, aglycones and some free simple
phenolics such as phenolic acids, quercetin, genistein can be absorbed directly and easily
into the small intestine mucosa (Manach and others 1997; Bravo 1998). Most glycosides
will be carried to the large intestine because diffusion across biological membranes is
difficult due to the hydrophilic nature. (Morand and others, 1998). However, Day and
others (1998) and Day and others (2000) showed that lactase phlorizin hydrolase (LPH)
located in the brush border of human small intestine is able to hydrolyzed various
flavonoid glycosides into their aglycones. With regard to the phenolic absorption, the
reports in the literature seem contradictory. With human study, Hollman and others
(1995) found that quercetin glucosides were better absorbed than quercetin and attributed
the higher absorption to the intestinal sodium-dependent sugar carrier (SGLT1). On the
contrary, other studies revealed that SLGT1 could not transport flavonoids and the ability
to transport glucose was inhibited by the presence of flavonoids in glycosylated form or
aglycone form. Different phenolic compounds show different absorptivity, some
flavonols, cinnamates, flavonoid rutinosides have been proved to be absorbed into small
intestine (Olthof and others 2003; Hollman and Katan 1999; Nardini and others 2002b).
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In general, according to Williamson (2002), phenolics derived from human diet could not
escape first-pass metabolism because of low level of phenolics present. As a result, due to
the huge differences in chemical structure, polarity and size between phenolics after
metabolism and their parent phenolics, the in vitro test results with pure phenolics or
extracts might not reflect the in vivo functions. For example, extensive human studies
have demonstrated that quercetin, a subclass of flavonol found widely in food sources can
be modified through human metabolism to distinct compounds not found in foods taken
orally. The compounds found in plasma or urine after oral administration included
sulfated, glucuronidated conjugates, and methylated quercetin (Day and Williamson
2001; Moon and others 2000). According to Morand and others (1998), plasma from rat
fed a diet containing 0.2% quercetin had 60% higher total antioxidant status than that of
control. They also revealed that in plasma, only various conjugated quercetin forms
existed. Analysis of lipoprotein oxidation induced by cupric copper demonstrated that the
IC50 values of quercetin glucuronides and quercetin-3-o-sulfate were more than twice
that of parent quercetin but four times lower than Trolox. Free and soluble conjugated
phenolics are more readily absorbed in the small intestine and distributed throughout the
body to exert their functional activities. While those insoluble phenolics including highmolecular-weight proanthocyanidins or those covalently bound to indigestible
polysaccharides mostly pass into the larger intestine for fermentation by microflora
(Chandrasekara and Shahidi 2011; Manach and others. 2004; Jimenez-Ramsey and others
1994). Human and animal studies have revealed that condensed tannins are poorly
absorbed and the majority of them will pass to the large intestine for fermentation by
microflora (Gonthier and others 2003; Holt and others 2002). Given this, it is imperative
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to retain higher level of soluble especially free phenolics through selection of optimal
processing methods. This is why we conducted this comprehensive study to investigate a
wide range of processing conditions to compare the phenolic composition and antioxidant
activity of extractable phenolics. In addition, when phenolics pass through the digestive
tract, antioxidant efficiency might be diminished or even lost through alteration of
chemical structure or degradation. As a result, the in vitro assay results of pure phenolics
or phenolic extracts can not truly reflect the function in the human body (Scalbert and
Williamson 2000).
2.12

Effect of thermal processing on the extractability of phenolic compounds
As an important step in food processing, thermal treatment not only improve

palatability, food safety, it can also have a big impact on phenolic composition and
antioxidant capacity thereof. Our previous work has shown that most individual phenolic
compounds decreased in quantity after heating, but some phenolics increased compared
with raw materials (Xu and Chang 2009b). Boiling and steaming are two commonly
employed legume cooking practices in the industry and domestically. Compared with
boiling processing, steaming preserved more phenolic content and antioxidant activity
(Xu and Chang 2008b; Xu and Chang 2008c). High-pressure steaming has been proved to
be more effective to release bound phenolics due to the disruption of cell and partial
hydrolysis of polysaccharides (Wang and others 2014). However, different phenolic
compounds show distinct responses to the same thermal treatments. According to
Bryngelsson and others (2002), autoclaving oats decrease caffeic acid to non-detectable
level but increase vanillin, ferulic acid and p-coumaric acid by 1044%, 222% and 1137%
respectively. Similarly, Xu and Chang (2009b) found after steaming of black bean at 121
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°C for 60 min, gallic acid, sinapic aicd and epicatechin are increased by 125%, 284% and
37% respectively, but hydroxybenzoic acid, epicatechin gallate, myricetin are decreased
by 36%, 23% and 11% , respectively. In fact, the same individual phenolic compound in
different food sources could exhibited significant different behavior under the same
thermal conditions. Xu and Chang (2009b) reported that after regular steaming for 70
min, free sinapic acid in pinto bean decreased by 96%, while free sinapic acid in black
bean increased by 272%. Bioavailability of phenolics depends on bioaccessibility. It has
been evidenced that the activity of esterase in the large intestine is 10 times higher than
that in the small intestine and the esterase activity is predominantly of microbial origin
(Andreasen and others 2001). Ferulic acid, the most abundant phenolic acid in cereals
and legumes, showed different bioaccessibility in free form and ester form. In animal
study with rats, it was found that before free ferulic acid reached cecum, most was
absorbed. In contrast, feruloyl arabinoxylans, esters purified from bran, released ferulic
acid until reaching the large intestine (Zhao and others 2003). Awika and others (2003)
showed that processing induced complexation between procyanidin and other
macromolecules and this complexation varied with degree of polymerization and the
processing method employed. However, they also showed that high-molecular-weight
procyanidins could be broken down to their lower-molecular-weight constituents.
Various food processing methods have been proved to alter the phenolic composition and
antioxidant activity.
Because the majority of phenolic compounds exist in bound form with limited
bioavailability, it is imperative to develop suitable processing methods to liberate the
most possible bound phenolics. Hu and others (2010) found after fermentation of black
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soybean with B. Natto, total phenolic content and DPPH scavenging activity were
significantly increased compared with non-fermented black soybean. After hydrolysis
with tannase, Dueñas and others (2007) found that gallic acid absent from the raw lentil
extract was identified. Chen and Chang (2015) reported substantial increase of total
phenolic content (TPC) and oxygen radical absorbance capacity (ORAC) after sprouting
of yellow soybean. Dvořáková and others (2008) found that malting increased free
radical scavenging and activity (ARP), ferricyanide reducing power (FRP) and total
phenolic content (TPC) of the soluble fractions with concomitant decrease in bound
fractions. Compared with barley, malt possessed higher content of soluble phenolic acids.
What was interesting was that malting not only increased the sum of phenolic acids in
free form, and soluble ester form, it also increased the level of bound phenolic acids.
Heating with calcium hydroxide in tortilla making has been found to increase the ferulic
acid by several times with concomitant significant decrease of total ferulic acid content
(Mora-Rochin and others 2010). The acidic and alkaline hydrolyses are commonly used
methods to release bound phenolics.
As phenolic acids mostly exist in bound or insoluble forms and flavonoids are
primarily present as glycosides, it is necessary to investigate the effect of thermal
processing on the amount of soluble phenolics and only in this form can they exert their
health beneficial effects on human body. Thermal treatments can facilitate the release of
bound phenolic compounds from food matrix and improve the access to enzymes (Wang
and others 2011c). Heating with pressure could disrupt of cell wall matrix with the
expansion of gas upon depressurization (Norton and Sun 2008). As stated above, heating
treatments can also result in decreased or unchanged phenolic content and antioxidant
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activity. The heating effect depends on thermal intensity, location of phenolic
compounds, type of food matrix and the composition of phenolic compounds. Even
though some thermal treatments have been reported with respect to the effects on
phenolic composition and antioxidant activity, a comprehensive investigation is still
needed in view of the complex changes in legumes upon various heating conditions. In
this study, a systematic investigation was done to test the effect of heating treatments
commonly used in home or the food industry on the retention of phenolic contents and
antioxidant activities.
2.13

Extraction of phenolics
For phenolic compounds to be utilized as dietary supplements and food

ingredients, extraction should be performed before analysis. The extraction efficiency not
only depends on the chemical and physical characteristics of the material, it is also
influenced by the temperature, solvent polarity, extraction time, solvent-to-sample ratio.
It has been evidenced that extraction solvents not only affect phenolic composition and
antioxidant activity of the extract, they also affect ACE inhibitory activity greatly
(Wijesinghe and others 2011). Because of the structural diversity, complex association
with other compounds such as proteins, lipids, carbohydrates, as well as uneven
distribution at tissue, cellular and sub-cellular levels, there is no universal extraction
method applicable for all plant materials (Luthria and Pastor-Corrales 2006). Xu and
Chang (2007) comprehensively investigated the phenolic extraction efficiency of six
extraction solvents with eight classes of legumes. By comparison of total phenolic
content (TPC), total flavonoid content (TFC), condensed tannin content (CTC), DPPH
free radical scavenging activity, ferric-reducing antioxidant power (FRAP) and oxygen
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radical absorbance capacity (ORAC), the most suitable extraction protocol for each
legume class was determined. Therefore, this protocol would be followed to achieve the
highest possible yield of phenolic compounds.
In plant, phenolic compounds exist in soluble form or insoluble (bound) form.
The former group can be extracted with solvent. This group consists primarily of low and
intermediate-molecular-weight phenolics including some tannins. The latter group
consists of high-molecular-weight polyphenols (over 5000) and those bound to the cell
call which can’t be extracted with solvent alone. Bound phenolics are covalently linked to
cell wall constituents such as lignin, pectin, hemicellulose, cellulose and rod-shaped
structural proteins (Wong 2006; Bravo and others 1994). Phenolic acids mainly occur in
bound forms through esterification and flavonoid mainly exist as glycosides with one or
more sugar moieties (Acosta-Estrada and others 2014). Numerous processing methods
have been investigated to advance the liberation of bound phenolics. It has been proved
that alkaline hydrolysis had higher extraction efficiency and less destruction to phenolic
compounds (Ross and others 2009; Kim and others 2006b). Alkali is more effective to
break down ester bonds than acid and therefore alkali is more suitable for phenolic acid
extraction (Acosta-Estrada and others 2014). In addition, ethylenediaminetetraacidic acid
(EDTA) and ascorbic acid may prevent phenolic acids from oxidation during alkaline
hydrolysis. And in this alkaline hydrolysis, ascorbic acid almost completely reduced back
the phenoxyl radical intermediates generated at high pH from phenolic acids (Nardini and
others 2002b). Hence, alkaline hydrolysis in the presence of EDTA and ascorbic acid was
employed in the analysis of phenolic acids in the current study.
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2.14

In vitro digestion models
In order to investigate the digestibility, release and structural change of food

components, various in vitro digestion models have been utilized to replace in vivo
studies which with animals or humans, albeit accurate, are costly and time-consuming
(Boisen and Eggum 1991). However, these models can’t accurately simulate the real
digestive system due to the complexity of the human GI tract. The results of in vitro
digestion are affected by the nature of sample, mechanical stresses employed, enzyme
type, incubation time and so on (Hur and others 2011). The selection of enzymes depends
on the research purpose. It should be noted that given the complexity of food matrix, the
digestions of individual food components are influenced each other (Boisen and Eggum
1991). The selection of enzymes depends on the food components studied and the
application of enzymes follows the order in which the enzymes act on the target food
components in the GI tract. In the design of the in vitro digestion model, the particle size
of the tested food sample, the concentration of enzymes employed and the incubation
time in each digestion step should be considered to mimic the human digestive system
(Hur and others 2011).
Thermal treatments have significantly effects on the degree of hydrolysis (DH).
Heating causes partial denaturation of protein, leading to more access of peptide bonds to
proteases and hence the increase of degree of hydrolysis (Peña-Ramos and Xiong 2003;
Montoya and others 2008). However, the antioxidant and ACE inhibitor activities of
resultant peptides are affected by the specific sequence instead of degree of hydrolysis
(Chen and others 1995; Peñta-Ramos and Xiong 2002). In addition, the pH conditions of
the digestive system and the action of enzyme could change the extractible phenolic
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profile, which is different from that from chemical extraction. Up to now, there is little
information on the hydrolysate properties after in vitro GI digestion of whole beans, even
though beans are mainly consumed after cooking. In the current study, the degree
hydrolysis, total phenolic content and antioxidant capacity of the hydrolysates from three
legume varieties subjected to various heating conditions were investigated.
2.15

Peptides and their antioxidant function
Dietary proteins are not only a nutritional source, they can also provide peptides

with various physiological functions. Peptides with antioxidant potential have obtained
much attention for their counteraction against oxidative stress-related medical conditions.
Peptides exert their antioxidant activity by free radical scavenging, transition metal ion
chelating and inhibition of lipid peroxidation (Sarmadi and Ismail 2010). Antioxidant
activities of peptides are not only dependent on amino acid composition, but also related
to the position of constituent amino acids and the peptide structure (Rajapakse and others
2005; Chen and others 1995). There is limited information regarding the antioxidant
profile of hydrolysates after in vitro GI simulation digestion of the three legume varieties.
In the current study, antioxidant distribution related to peptide size have been
characterized.
2.16

Some work our lab has done and questions to be answered
Up to date, our lab has conducted a range of in vitro cell culture and animal

studies to explore the role of phenolic extracts in counteracting cardiovascular
pathologies. Among many legume varieties we investigated, lentil, black soybean and
black turtle bean have the highest antioxidant capacities (Xu and Chang 2007; Xu and
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others 2007; Xu and Chang 2008c). In 2010, we (Yao and others 2010) found that
Morton lentil extract could dose-dependently attenuate angiotensin II-induced
hypertrophy and elevated intracellular ROS level in rat and human cardiomyocytes. To
further study the effect of lentil extract, in 2012, we (Yao and others 2012) carried out
animal studies with rats. These researchers found that even though angiotensin II infusion
caused higher water intake, increase of mean artery pressure (MAP), peripheral vascular
remodeling and perivascular fibrosis and elevated ROS level in the aorta, the oral
administration of Morton lentil extract could significantly ameliorate these observed
pathological conditions. The above studies employed angiotensin II to stimulate
pathologies in cells and rats, but the effect of phenolic extracts on ACE which catalyzes
the production of angiotensin II needs to be further investigated. In addition, our early
study (Zou and others 2011a) demonstrated that after purification and fractionation of
lentil extract, phenolics could be dramatically enriched and antioxidant capacity was
significantly improved. In another study, we (Zou and Chang 2011b) found that black
soybean extract could suppress proliferation of human AGS gastric cancer cells via the
induction of apoptosis. Therefore, in our current study, phenolic extracts from three
phenolic-rich legume varieties would be purified and fractionated on the assumption that
these enriched extracts or fractions might have more inhibition on cancer cells and ACE.
Our previous studies have shown that thermal processing could significantly alter the
phenolic content and antioxidant capacity of legumes (Xu and Chang 2008b; Xu and
Chang 2009b). However, how thermal processing affect the yield, phenolic composition
and antioxidant capacity of extracts and fractions has not been studied. To test the in vivo
effect of processing, we (Xuan and others 2013) compared Morton lentil extracts from
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raw and cooked lentils. It was found that both extracts exhibited similar efficacy on the
attenuation of angiotensin II-induced elevated blood pressure, cardiac hypertrophy,
peripheral arterial remodeling and fibrosis. In addition, the two extracts demonstrated no
significant differences in reducing the angiotensin II-induced intracellular ROS stress.
Therefore, there is a need to investigate the phenolic composition of phenolic extracts
from raw and cooked legumes including lentil. In our earlier animal study, we (Liu and
others 2005) found when rats were fed diets containing 50, 150, 250 ppm isoflavones and
tofu-based diet containing 50 ppm isoflavones, tofu-based diet was more potent than 250
ppm isoflavone-based diet in the enhancement of SOD activities in various organs and
tissues. Therefore, we believe this anomaly should be due to the presence of other
biochemical components including proteins. It is well established that peptides derived
from digestion possess antioxidant activities. However, even though the three legume
varieties possess high antioxidant potential, due to the differences in methodologies and
raw materials used, the peptide and phenolic composition and their bioactivities are often
difficult to be compared. It is also imperative to investigate the antioxidant contributions
from phenolics and peptides, especially when legumes are subjected to different thermal
treatments. Hence, it is necessary to conduct in vitro GI simulation digestion to elucidate
how phenolic content and antioxidant capacity change under physiological conditions.
Therefore, in this proposed study, the three whole beans would be subjected to in vitro GI
simulation digestion and the antioxidant capacity of hydrolysates would be compared
with phenolics extract derived from chemical extraction.
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CHAPTER III
EFFECT OF THERMAL PROCESSING ON ANTIOXIDANT CONTENT AND
ANTIOXIDANT CAPACITY OF THREE LEGUME VARIETIES
3.1

Introduction
Extensive research has been done to demonstrate that food processing has

significant effect on antioxidant composition and antioxidant potential. Among the
commonly used processing methods, boiling and steaming are important practices
employed domestically and industrially. To the best of my knowledge, only Xu and
Chang (2008 b,c, 2009a) investigated the effect of boiling and steaming on various
legume varieties. However, our research has only studied a few processing methods from
which a general trend can’t be derived. Therefore, there is a need to conduct a
comprehensive investigation about the effect of processing methods on phenolic
composition and antioxidant potential. This result can be applied not only in food
processing, but also in the extraction of food supplement and nutraceuticals. As the
primary phenolics in legume, due to their association with the cell wall, individual
phenolic acids need to be identified and quantified to give a deeper understanding of their
change upon various thermal conditions.
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3.2
3.2.1
3.2.1.1

Materials and Methods
Materials
Legume samples
Three legume materials were employed in this study: Lentil (Lens culinaris var.

Meritt) of 2012 harvest was kindly provided by Geogre F. Brocke & Sons, INC
(Kendrick, Idaho, U.S.). Black turtle bean (Phaseolus vulgaris var. Turtle) of 2012 was
kindly provided by Goya Foods (Jersey City, NJ, U.S.). Black soybean (Glycine max)
with black seat coat and green cotyledon was purchased from the local market (Asian
Food Market, Starkville, MS). All samples were stored in -20 °C until use.
3.2.1.2

Chemicals
Gallic acid, protocatechuic acid, 2,3,4-trihydroxybenzoic acid,

protocatechualdehyde, p-hydroxybenzoic acid, genistic acid, syringic acid, vanillic acid,
vanillin, caffeic acid, chlorogenic acid, p-coumaric acid, syringaldehyde, m-coumaric
acid, ferulic acid, o-coumaric acid, sinapic acid, Folin-Ciocalteu reagent, 2.2-diphenyl-1picryhydrazyl radical (DPPH), 6-hydroxy-2,5,7,8-tetramethlchroman-2-carboxylic acid
(Trolox), fluorescein disodium (FL), 2,2-azobis (2-amidino-propane) dihydrochloride
(AAPH) were purchased from Sigma-Altrich (St. Louis, MO, U.S.).
3.2.2
3.2.2.1

Methods
Determination of hydration
Beans were rinsed and soaked in tap water at bean-to-water ratio of 1:3 (w/v) in

beakers for up to 24 h at room temperature as described by Xu and Chang (2008d). The
weight of soaked beans at 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 24 h was measured after
blotting with paper towel and the moisture content was expressed as percentage on dry
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basis. The water absorption curve was constructed by plotting the kinetic moisture
content with respect to soaking time.
3.2.2.2

Selection of cooking time
Food attributes such as appearance, flavor, and texture are greatly affected by

cooking time and temperature. In this study, boiling and steaming were conducted under
regular (atmospheric), 5 psi (108°C), 15 psi (121 °C) pressures with a range of cooking
times. These cooking conditions are commonly used in domestic and industrial practices.
The cooking time durations were determined according to the tactile method reported by
Vindiola and others (1986). When at least 90% of beans were squeezed easily between
thumb and forefinger, beans were deemed palatable and cooked. Texture examination
was performed by three members of our lab to make sure the beans were properly cooked
without either undercooking or overcooking.
3.2.2.3

Thermal processing
Regular boiling was carried out in a glass beaker on a hot plate. Thirty grams of

soaked beans were put into 150 mL boiling water in a 300-mL glass beaker on a hot plate
and the cooking time was counted after boiling. After boiling treatment, beans were
drained and cooled to room temperature for freeze-drying.
Regular steaming was conducted using an atmospheric steam cooking method.
Presoaked beans (30 g) were placed in a 200-mL beaker and put into the cooker after the
water in the cooker reached boiling.
Pressure boiling and pressure steaming were performed in an All American
Pressure Cooker (Wisconsin Aluminum Foundry, Manitowoc, WI, U.S.). The only
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difference was that for pressure boiling, 5 folds of boiling water was added to the beaker
containing soaked beans. The pressure cooker was heated until the water was boiled, then
beakers containing beans (30 g) were placed on a rack placed in the cooker. Then the lid
was locked in place and pressure was set with pressure regulator (5 or 15 psi). The
cooking time was counted when the desired pressure was reached. It took 4 min and 7
min to reach 5 and 15 psi, respectively.
3.2.2.4

Extraction of phenolics
Phenolic extraction was conducted according to reported protocol by Xu and

Chang (2007). In brief, the freeze-dried raw and processed beans were ground to powder
by a Retsch ZM 200 ultracentrifuge mill equipped with a 0.5 mm sieve (Retsch GmbH,
Haan, Germany). About 0.5 g of bean powder was weighed into a 15-mL centrifuge tube.
Five mL of extraction solvent of acetone/water/acetic acid (70:29.5:0.5, v/v/v) was
added. The capped tube was shaken for 3 h in the dark at room temperature and then
centrifuged at 5000 x g for 30 min by Thermo Legend X1R centrifuge (Thermo Scientific
Inc, Waltham, MA, U.S.). The supernatant was transfer into another 15-mL centrifuge
tube and the precipitate was re-extracted with the same amount of extraction solvent for
about 12 h. After centrifugation under the same condition as mentioned above, the two
extracts were pooled and store at -20 °C for later assays.
3.2.2.5

Determination of total phenolic content (TPC)
The TPC was determined by Folin-Ciocalteu assay as decribed by Xu and Chang

(2007). In brief, 50 μL of extract (or standard), 3 mL of deionized distilled water, 250 μL
of Folin Ciocalteu reagent, 750 μL of 7% Na2CO3 were added sequentially into a test
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tube and incubated for 8 min at room temperature. Then 950 μL of DDW was added. The
mixture was allowed to stand at room temperature for 2 h. The absorbance was measured
at 765 nm against a reagent blank, in which extraction solvent was substituted for sample
abstract. A calibration curve using gallic acid as standard was established to calculate
TPC in samples. The linearity range was up to 1000 µg/ml. TPC was expressed as
milligrams of gallic acid equivalents per gram of dry material (mg of GAE/g).
3.2.2.6

Determination of total flavonoid content (TFC)
Total flavonoid content was determined by a colorimetric method as reported by

Heimler and others (2005). Briefly, 1mL of extract or standard and 75 μL of 5% NaNO2
were mixed in a test tube and was allowed to stand for 6 min. Then 150 μL of 10%
AlCl3.H2O was added and allowed to stand for another 10 min before 0.5 mL of 1M
NaOH was added. Three milliliters of DDW was added and mixed well. The absorbance
was measured immediately at 510 nm against a reagent blank, in which extraction solvent
was substituted for sample extract. A calibration curve using (+)-catechin as standard was
established to calculate TFC in samples. TFC was expressed as milligrams of (+)catechin equivalents per gram of dry material (mg of CAE/g).
3.2.2.7

Determination of condensed tannin content (CTC)
Condensed tannin content was determined according to the method described by

Broadhursts and Jones (1978) with slight modification by our lab (Xu and Chang 2007).
Briefly, 50 μL of extract or standard, 3 mL of 4% vanillin in methanol and 1.5 mL of
concentrated hydrochloric acid were mixed in a capped centrifuge tube and the reaction
mixture was allowed to stand at room temperature for 15 min after vortexing. The
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absorbance was measured immediately at 500 nm against the reagent blank, in which
methanol was substituted for sample extract. A standard curve using (+)-catechin as
standard was established to calculate CTC in sample. CTC was expressed as milligram of
(+)-catechin equivalents per gram of dry material (mg of CAE/g).
3.2.2.8

Determination of DPPH free radical scavenging activity
DPPH free radical scavenging activity assay was conducted according method of

Chen and Ho (1995) with slight modification by our lab (Xu and Chang 2007). Briefly,
0.2 mL of extract or standard, 3.8 mL of 0.1 mM DPPH in ethanol were mixed in a
capped centrifuge tube and shaken vigorously. After the reaction mixture was allowed to
stand at room temperature in the dark for 30 min, the absorbance was measured
immediately at 517 nm against a reagent blank of ethanol. A control analysis was done
with 0.2 mL of extraction solvent replacing sample extract. The percentage discoloration
of DPPH was expressed according to equation 1-(Asample/Acontrol). A standard curve using
Trolox as standard was established to calculate DPPH scavenging activity in samples.
The DPPH scavenging activity was expressed as μmole of Trolox equivalents per gram of
dry material (µmol of TE/g).
3.2.2.9

Determination of oxygen radical absorbing capacity (ORAC)
ORAC assay was conducted according to the method by Prior and others (2003)

with some modification. The test was done by a plate reader (Flaxtion 3, Molecular
Devices, CA, U.S.). Twenty microliters of a series of concentrations of Trolox standard
solutions in 75 mM phosphate buffer (pH 7.0), blank (water), properly diluted samples
were added into the wells of a 96-well Costar black plate (Corning incorporated,
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Kennebunk, ME, U.S.). The plate was put into the chamber of the plate reader for 20 min
with the lid covered. After incubation in the chamber set at 37 ºC, two hundred
microliters of 94 µM fluorescein sodium salt in phosphate buffer and twenty microliters
of 0.16 M 2,2’-azobis (2-methylpropionamidine) dihydrochloride (AAPH) in phosphate
buffer were added into the wells. Before addition, the fluorescein solution was kept at
37 °C in water bath and AAPH was dissolved in buffer immediately before adding to the
plate. The plate was immediately put back into the chamber of plate reader and was read.
The fluorescence filters were set at 485 nm for excitation and 520 nm for emission.
Kinetic reading was recorded for 121 cycles with 30 s each. The calculation was done by
the Flamax sofeware. The result was expressed as micromoles of Trolox equivalents per
gram of dry sample (µmol of TE/g).
3.2.2.10

Extraction of free phenolic acids

The extraction of free phenolic acids was conducted according to Luthria and
Pastor-Corrales (2006) with slight modification. In brief, around 1 g of sample was
weighed into a 15-mL centrifuge tube and 12 mL extraction solvent of
methanol/water/acetic acid/butylated hydroxytoluene (85:15:0.5:0.2, v/v/v/w) was added.
The tube was shaken for 4 h and centrifuged at 5000 x g for 20 min with Thermo Legend
X1R centrifuge (Thermo Scientific Inc, Waltham, MA, U.S.) and the supernatant was
decanted to another centrifuge tube. Eight milliliters of extraction solvent was added to
the residue and the tube was shaken for an additional 12 h. After centrifugation, the
supernatants were combined and the solvent was removed by vacuum rotary evaporator
(water bath was set at 38 ºC) to dryness. The residue was dissolved in 5 mL of 75%
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methanol and the solution was filtered through 0.2 µm PVDF syringe filter. The filtrate
was stored at -80 ºC until HPLC analysis.
3.2.2.11

Extraction of total phenolic acids

In current study, total phenolic acid was defined as the sum three forms of a
phenolic acid: free, extractable conjugated and bound. The extraction of total phenolic
acids was performed according to the method reported by Luthria and Pastor-Corrales
(2006) (2006). Briefly, 0.4 g of sample was weighed into a 50-mL centrifuge tube and
hydrolyzed with 10 mL of 2 N NaOH containing 10 mM ethylenediaminetetraacetic acid
(EDTA) and 1% vitamin C at 43 °C for 30 min with shaking in water bath. Then 2.8 mL
of 7.2 N HCl was added to neutralize the reaction mixture. Ten milliliters of ethyl acetate
was added and the tube was vortexed for 10 s. The tube was centrifuged at 20,000 x g for
10 min with Thermo Legend X1R centrifuge (Thermo Scientific Inc, Waltham, MA,
U.S.) and the upper organic layer was pipetted out and another 10 mL of ethyl acetate
was added for the second extraction. The organic collections were combined and the
organic solvent was removed by vacuum rotary evaporator (water bath was set at 38 ºC)
to dryness. The residue was dissolved in 0.2 mL of 75% methanol and the solution was
filtered through 0.2 µm PVDF syringe filter. The filtrate was stored at -80 ºC until HPLC
analysis.
3.2.2.12

HPLC analysis of phenolic acids

HPLC analysis of free and total phenolic acids was performed according to
Robbins and Bean (2004) with sight modification. In current study, an Agilent 1260
Infinity HPLC system (Agilent Technologies, Santa Clara, CA, U.S.) equipped with a
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diode array detector (DAD) was used. The column (4.6 mm x 250 mm, 5µm, Zorbax
Stablebond Analytical SB-C18, Agilent Technologies, Rising Sun, MD) was set at 40 ºC.
Mobile phase A (0.1% TFA in aqueous solution) and B (methanol) were used for elution
and the flow rate was set at 0.7 mL/min. The gradient elution was set as follows: 0-50
min, 5-30% B; 50-65 min, 30% B; 65-66 min, 30-100% B; 66-67 min, 100% B; 67-70
min, 100-5% B. Compound identification was performed by comparing retention time
and spectrum of sample peaks with those of authentic standards. In this study, two
wavelengths were set: 270 nm (for hydroxybenzoic acids) and 325 nm (for
hydroxycinnamic acids). Identified phenolic acids were quantified based on standard
curve. Phenolic acid contents were expressed as micrograms per gram of dry material
(µg/g).
3.2.2.13

Statistical analysis

Samples were processed in triplicate and following analyses were carried out in
duplicate. Data were subject to analysis of variance (ANOVA) with SAS 9.4 package.
Significant differences among variables were determined by Duncan’s multiple range test
(α=0.05). Data are expressed as means ± SD (n=3).
3.3
3.3.1

Results and Discussion
Selection of soaking conditions
Prior to cooking, all beans were soaked to soften texture and shorten cooking

time. However, concomitant with softening of cell wall during soaking, substantial losses
of phenolic contents and antioxidant activity during soaking have been reported (Boateng
and others 2008; Xu and Chang 2008d; Xu and Chang 2008b; Khandelwal and others
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2010). In a study with Eclipse black turtle bean, Xu and Chang (2008d) found when
hydration rates increased from 50% to 100% during soaking, the percentage losses of
TPC, DPPH radical scavenging capacity, and ORAC increased concomitantly from 25.8
to 52.3, 6.2 to7.9, and 16.0 to 26.4%, respectively. For lentil under the same hydration
range, the losses were 9.5 to 37.8, 18.21 to 18.76, and 23.8 to 69.1%, respectively (Xu
and Chang 2008b). Except for DPPH radical scavenging capacity, the losses of TPC and
ORAC increased with the increase of hydration rate. The loss of some soluble
constituents can be reflected by the colored soaking water. López-Amorós and others
(2006) reported a substantial loss of all identified phenolic compounds in pea and lentil
after soaking. Therefore, it is essential to find an optimal soaking time. In this study, the
criterion to choose minimum soaking time is to soak until the hard core of beans
disappears. To accurately describe soaking process, a water absorption curve was
established. In the curve, the water percentage on dry basis was plotted against soaking
time. As shown in Figure 3.1, three varieties showed different soaking behaviors. Lentil
and black turtle bean took about 8 hours to reach saturation, while black soybean used 14
hours to reach plateau. However, all of them exhibited rapid absorption of water in the
first one or two hours. To retain highest possible phenolics, it is no need to soak legumes
until saturation. Based on preliminary experiments, because of small size of lentil, one
hour of soaking time was chosen (73% moisture content); for black turtle, one hour and
two hours of soaking time were chosen for boiling and steaming processing, respectively
(80 and 95 % moisture content); for black soybean, due to its large size and slow
hydration, four hours of soaking time was chosen (96% moisture content).

45

Figure 3.1

3.3.2

Water absorption curve of three legume varieties.

Effect of thermal processing on phenolic composition, antioxidant activity
and solid loss in lentil.
As shown in Table 3.1, significant differences (p < 0.05) existed among most

treatments in terms of TPC, TFC, CTC, DPPH free radical scavenging capacity, ORAC
and FRAP. Compared with raw lentil, all thermal processing substantially reduced TPC
by 55.5-71.6%, which was comparable with the losses reported by Xu and Chang
(2008b). During thermal processing, phenolics and proteins and polysaccharides, which
are originally compartmentally separated, come into contact and interact to form a
complex. The association between phenolics and macronutrients are related to the
macronutrient composition and phenolic structure. Meanwhile, with the destruction of
membrane, the phenolics could be oxidized due to exposure to oxygen or other oxidizing
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compounds (Le Bourvellec and Renard 2012). The substantial loss of TPC was partially
caused by leaching of phenolics into soaking water and boiling water, similar to that
reported by our lab before (Xu and Chang 2008b). Meanwhile, soaking can also cause the
binding of phenolics with protein and carbohydrate, which reduces the extraction of the
phenolics (Aguilera and others 2011). In addition, heating-induced breakdown of
phenolics should be another reason for the reduction in TPC (Xu and Chang 2008b).
Steaming preserved more TPC than boiling. As with TPC, all thermal treatments
significantly (p < 0.05) reduced total flavonoid content (TFC) and after various thermal
treatments, TFC varied within a narrow range from 1.01-1.48 CAE/g. In most cases,
condensed tannin content (CTC) was reduced in comparison with raw lentil. The greatest
loss of CTC (around 50%) occurred in the three regular boiling treatments. However, the
other two pressure boiling treatments yielded distinct results. Boiling at 108 °C for 5 min
caused 23% loss of CTC, while boiling at 121 °C for 3 min lead to no losses even if the
lentil seeds became greatly deformed, and a big portion of solids was leached into the
boiling water as shown in Table 3.1. This phenomenon demonstrated that condensed
tannin must be released from bonding with other components especially under high
pressure treatments. According to Wang and others (2014), in autoclaving process, higher
pressure and temperature together with the rapid depressurization in the end could
breakdown of cell compounds. Decompression in the end of high-pressure processing is
critical for the disruption of cell wall through the expansion of the gas accumulated
within the cell during pressurization (Norton and Sun 2008). The enhancement of the
liberation of phenolic compounds was proved by the fact that autoclaving significantly
increased the total phenolic content and antioxidant activity of water extract from wheat
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bran and the repeating the autoclaving cycle increased the antioxidant activity
progressively (Dona 2011).
As shown in Table 3.1, except a few processing treatments, most treatments
significantly (p < 0.05) reduced the DPPH values by 8.5-24.4%, which was comparable
to the percentage losses reported by our laboratory (Xu and Chang 2008b). In that study,
lentils were boiled for 30, 45, and 60 min at 100 ºC and DPPH losses were 9.6, 8.4 and
9.3%, respectively. In our current study, we just selected regular boiling times of 5, 10,
and 15 min because longer boiling time could cause greater solid loss and destruction of
texture. For the same steaming time, lentil seeds heated under100 ºC and 108 ºC
possessed higher DPPH values than those heated under 121 ºC.
All processing treatments reduced ORAC by more than 50%. The biggest losses
( around 71%) occurred in boiling treatments at 100 ºC (5 min, 10 min, and 15 min) and
108 ºC (5 min) and these four treatments did not exhibit any significant (p<0.05)
differences. As shown in Table 3.1, for the same steaming temperature, processing time
had no effect on ORAC values. However, lentils from 100 ºC steaming contained
significantly (p < 0.05) higher ORAC than those from 108 and 121 ºC steaming.
As shown in Table 3.1, all thermal treatments significantly (P < 0.05) reduced
FRAP by 51-71%. Under 100 ºC and 108 ºC steaming, FRAP values decreased over time
and under 121 ºC steaming, no significant differences (p < 0.05) were found among
different steaming times.
Yield is an important parameter in food processing. As shown in Table 3.1, when
lentil was cooked to softness, boiling caused significantly higher (p < 0.05) losses
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compared with steaming. For boiling at 100 ºC, losses increased with duration of boiling
time. The greatest loss of 30.1 % occurred at 121 ºC for 3 min.
In summary, significant differences (p < 0.05) existed among thermal treatments
in terms of TPC, TFC, CTC, DPPH, ORAC, FRAP and solid loss. Thermal processing
substantially reduced TPC, TFC, ORAC. However, some thermal treatments could cause
slightly increased or unchanged CTC or DPPH in comparison with raw lentil.
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TFC
3.15±0.01a
1.03±0.05fg
1.07±0.01efg
1.10±0.01e
1.48±0.04b
1.28±0.05d
1.38±0.02c
1.25±0.07d
1.11±0.02e
1.45±0.03b
1.38±0.02c
1.46±0.05b
1.30±0.05d
1.30±0.05d
1.30±0.06d
1.08±0.04ef
1.10±0.03e
1.01±0.03g

CTC
5.84±0.26b
2.92±0.18g
2.94±0.15g
2.95±0.08g
5.14±0.29de
5.37±0.32dc
5.20±0.26de
4.48±0.14f
5.82±0.31b
6.36±0.26a
5.70±0.17bc
5.21±0.18de
6.01±0.44ab
5.97±0.35ab
4.44±0.05f
4.82±0.16ef
6.09±0.28ab
5.12±0.21de

DPPH
12.45±0.29ab
9.41±0.10i
10.36±0.40fg
10.36±0.08fg
12.42±0.04ab
12.26±0.10ab
12.06±0.19b
11.15±0.18cd
9.91±0.45h
12.60±0.29a
12.18±0.01ab
11.38±0.15c
10.80±0.31de
11.39±0.08c
11.03±0.26cde
9.99±0.03gh
10.65±0.31ef
10.23±0.20fgh

ORAC
114.1±6.2a
31.1±1.3g
33.9±0.3g
33.1±0.6g
51.0±1.8bc
52.5±2.9b
52.9±2.0b
50.3±2.7bcd
30.9±2.4g
49.3±4.2bcde
46.1±0.3cdef
45.4±1.3def
46.2±3.2cdef
43.8±2.5f
43.7±0.3f
44.1±5.2f
44.4±1.6ef
42.3±0.8f

FRAP
6.99±0.15a
2.02±0.04l
2.44±0.11hi
2.28±0.07jk
3.42±0.08b
3.25±0.07cd
3.13±0.13de
2.76±0.05f
2.17±0.10kl
3.36±0.14bc
3.04±0.01e
2.81±0.06f
2.72±0.01fg
2.57±0.03gh
2.57±0.07gh
2.39±0.04ij
2.60±0.12gh
2.57±0.05gh

8.06±0.78d
11.87±0.02c
15.78±2.02b
1.42±0.04e
2.17±0.25e
2.12±0.32e
3.51±0.04e
10.04±0.25cd
3.22±0.20e
3.04±0.27e
2.90±0.20e
2.19±0.14e
31.06±6.11a
3.21±0.13e
2.87±0.23e
3.49±0.05e
2.48±0.04e

% solid loss

Results are expressed as mean ± standard deviation (n = 3); values followd by different lower case letters are significantly
different (p < 0.05) in the same column. bTPC is expressed as milligrams of gallic acid equivalents per gram lentil on dry basis
(mg GAE/g); TFC is expressed as milligrams of catechin equivalents per gram lentil on dry basis (mg CAE/g); CTC is expressed
as milligrams of catechin equivalents per gram lentil on dry basis (mg CAE/g); DPPH free radical scavenging capacity is
expressed as micromoles of Trolox equivalents per gram of sample on dry basis (µmol TE/g); ORAC is expressed as micromoles
of Trolox equivalents per gram of sample on dry basis (µmol TE/g); FRAP is expressed as millimoles of Fe2+ equivalents per 100
gram sample on dry basis (mmol FE/100 g).

a

TPCb
5.73±0.10a
1.63±0.04i
1.79±0.01hg
1.73±0.04h
2.55±0.02b
2.47±0.09b
2.31±0.02c
2.06±0.05e
1.64±0.07i
2.50±0.04b
2.22±0.02d
2.10±0.02e
1.86±0.07gf
1.85±0.02gf
1.91±0.04f
1.74±0.07h
1.80±0.04gh
1.85±0.03gf

Effect of thermal processing on phenolic composition, antioxidant activity and solid loss in lentila

Treatments
Raw
Regular boiling 5 min
Regular boiling 10 min
Regular boiling 15 min
Regular steaming 10 min
Regular steaming 20 min
Regular steaming 30 min
Regular steaming 40 min
108°C boiling 5 min
108°C steaming 10 min
108°C steaming 20 min
108°C steaming 30 min
108°C steaming 40 min
121°C boiling 3 min
121°C steaming 10 min
121°C steaming 20 min
121°C steaming 30 min
121°C steaming 40 min

Table 3.1
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3.3.3

Effect of thermal processing on phenolic composition, antioxidant activity
and solid loss in black soybean
As shown in Table 3.2, significant differences (p < 0.05) existed among most

treatments in terms of TPC, TFC, CTC, DPPH free radical scavenging capacity, ORAC
and FRAP. All thermal treatments significantly (p < 0.05) reduced TPC with steaming
causing less losses (40.4-50.5%) than boiling (> 60%). For all boiling treatments, no
significant differences (p > 0.05) were observed. All thermal treatments dramatically
reduced total flavonoid content with boiling causing 72.1-85.6% losses and steaming
giving rise to 53.2-73.4% losses. All pressure boiling treatments at 108 °C and 121 ºC
generated similar total flavonoid contents, but the regular boiling treatments retained
significantly (p < 0.05) higher TFC than pressure boiling. Additionally, at all steaming
temperatures, TFC decreased with the extension of steaming time. This phenomenon
indicated that flavonoids in black soybean were more susceptible to heat and this can be
explained by the composition and distribution of phenolics in black soybean. According
to our earlier research (Xu and Chang 2008a), 100% of anthocyanins which are water
soluble and heat labile were concentrated in the seed coat and total flavonoids in the seed
coat accounted for about 85% of that of the whole black soybean seed.
For condensed tannin content (CTC), only regular boiling significantly (p < 0.05)
caused its losses by 11.5-22.9%. Regular steaming treatments significantly (p < 0.05)
increased CTC by 8.4-22.4%. Compared with thermal treatments under atmospheric
pressure, pressure cooking yielded higher CTC. Except 108 °C boiling for 20 min and
108 °C steaming for 50 min, which generated similar content of CTC in comparison with
regular steaming, all other pressure treatments, either boiling or steaming, gave
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substantial increases of CTC by 31.8-78.4%. The data suggested that pressure cooking
was likely to release more condensed tannin. Highly polymerized condensed tannins not
only complex with cell wall polysaccharides, but also form insoluble tannin granules,
which renders them non-extractable. However, thermal treatments, particularly pressure
cooking-induced de-polymerization, make them extractable and thus lead to higher CTC.
In addition, condensed tannins form complexes with macronutrients such as proteins and
carbohydrates during thermal processing and the association depends on the degree of
polymerization. Soaking and heating can liberate condensed tannins from complexation.
Significant CTC increases induced by soaking have been observed to increase CTC in
lentil (Vidal-Valverde and others 1994). For black soybean, the longer soaking might be
a reason for the drastic increase of CTC. From a health point of view, the conversion to
extractable tannin would be beneficial, because the non-extractable condensed tannins
would be otherwise excreted without absorption (Bravo and others 1993). The change on
the degree of polymerization induced by processing would have great effect on the
physiological function, because the ACE inhibitory activity and antioxidant activity are
all determined by polymerization degree (Actis-Goretta and others 2006; Lotito and
others 2000). Our current results of CTC were different from our earlier studies (Xu and
Chang 2008c) that showed decreases of CTC by four similar thermal treatments.
Compared with raw material, all thermal treatments significantly (p < 0.05)
reduced DPPH free radical scavenging activity with boiling treatments causing 70.079.0% losses and steaming treatments leading to 43.3-63.0% losses. All thermal
treatments also significantly (p < 0.05) reduced ORAC values. However, steaming
treatments preserved much more oxygen radical absorption capacity than boiling
52

treatments. Within the same type of heating, either boiling or steaming, the heating
intensity had little effect on ORAC in most cases. For example, the ORAC values among
all boiling treatments varied between 28.2 to 34.1 µmol TE/g, and ORAC values under
all steaming treatments varied between 49.9 to 62.5 µmol TE/g. All boiling and steaming
treatments substantially reduced FRAP values by 71.8-81.7% and 49.2-60.3%,
respectively. The highest FRAP value caused by 121 °C steaming for 40 min was almost
two times higher than the lowest value caused by 108 °C boiling for 30 min.
As shown in Table 3.2, boiling resulted in significantly (p < 0.05) higher solid
losses (11.70-18.41%) than steaming (3.24-5.46%). Within the boiling temperature, the
solid losses increased with heating time. Our current study was the first to report the solid
loss together with phenolic contents as affected by thermal processing. In view of the big
losses of solid and phenolics during boiling, heating time and temperature need to be
carefully chosen in the design of food processing for the retention of food quality and
nutrition.
In summary, significant differences (p < 0.05) existed among thermal treatments
in terms of TPC, TFC, CTC, DPPH, ORAC, FRAP and solid loss. All thermal treatments
significantly (p < 0.05) reduced TPC, TFC, DPPH, ORAC and FRAP in comparison with
raw black soybean. However, except regular boiling, all other treatments substantially
increased CTC. In general, steaming preserved more phenolic contents and antioxidant
activity than boiling.
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Raw
Regular boiling 50 min
Regular boiling 70 min
Regular boiling 90 min
Regular boiling 110 min
Regular steaming 50 min
Regular steaming 70 min
Regular steaming 90 min
Regular steaming 110 min
108 °C boiling 20 min
108°C boiling 30 min
108°C boiling 40 min
108°C boiling 50 min
108°C steaming 20 min
108°C steaming 30 min
108°C steaming 40 min
108°C steaming 50 min
121°C boiling 10 min
121°C boiling 20 min
121°C boiling 30 min
121°C steaming 10 min
121°C steaming 20 min
121°C steaming 30 min
121°C steaming 40 min

TFCb
2.22±0.04a
0.62±0.04ef
0.52±0.00h
0.54±0.01gh
0.55±0.03gh
1.04±0.04b
0.92±0.06c
0.79±0.04d
0.75±0.03d
0.45±0.03i
0.37±0.06j
0.38±0.03j
0.36±0.02j
0.86±0.02c
0.78±0.06d
0.67±0.04e
0.64±0.06ef
0.39±0.03j
0.32±0.01j
0.38±0.00j
0.77±0.04d
0.63±0.04ef
0.65±0.04ef
0.59±0.01fg

CTC
3.93±0.04k
3.03±0.18m
3.10±0.07lm
3.03±0.14m
3.48±0.09l
4.46±0.29ij
4.26±0.30jk
4.81±0.04hi
4.78±0.18hi
4.77±0.07hi
5.56±0.29fg
5.74±0.29ef
5.18±0.24gh
6.59±0.02bc
6.02±0.05de
6.57±0.07bc
4.59±0.38ij
6.24±0.39cd
7.01±0.17a
6.76±0.24ab
5.73±0.20ef
5.26±0.39g
6.41±0.13bcd
6.12±0.55de

DPPH
12.26±0.54a
3.05±0.10jk
2.92±0.12kl
3.04±0.03kl
3.41±0.23ij
6.95±0.25b
5.87±0.08cd
5.47±0.07defg
5.86±0.28cde
2.83±0.05kl
2.77±0.15kl
2.50±0.09l
2.83±0.09kl
6.25±0.24c
5.76±0.25de
5.09±0.23g
5.43±0.45efg
3.03±0.03jk
3.39±0.20ij
3.69±0.30i
5.56±0.37def
4.54±0.21h
5.45±0.15defg
5.31±0.11fg

ORAC
89.7±2.0a
34.0±0.9h
31.7±1.3hi
31.1±1.5hi
33.4±1.6hi
62.5±3.4b
60.8±2.0b
56.6±1.3c
49.9±1.5fg
29.9±2.9ij
30.3±0.8hij
28.2±1.2j
32.5±0.9hi
52.5±1.9def
51.8±2.5defg
53.2±3.7cdef
53.9±1.4cde
33.4±1.8hi
34.1±1.7h
32.8±0.5hi
50.3±3.5efg
48.1±3.2g
55.5±3.6cd
54.0±0.3cde

FRAP
3.33±0.17a
0.68±0.02jkl
0.72±0.06jkl
0.80±0.08j
0.73±0.04jkl
1.66±0.06bc
1.53±0.05def
1.40±0.02gh
1.50±0.02efg
0.68±0.01jkl
0.61±0.01l
0.76±0.12jk
0.64±0.05kl
1.62±0.05bcd
1.55±0.05cde
1.41±0.02fgh
1.32±0.01h
0.80±0.04j
0.73±0.04jkl
0.94±0.01i
1.32±0.12h
1.30±0.12h
1.48±0.05efg
1.69±0.10b

13.52±0.00f
15.66±0.51c
16.56±0.17b
18.41±0.11a
3.93±0.28mn
3.65±0.10no
3.24±0.41o
5.46±0.38h
11.70±0.03g
13.52±0.30f
14.59±0.20e
16.32±0.28b
4.43±0.15kl
5.28±0.12hi
5.01±0.09hij
5.17±0.35hi
13.33±0.18f
15.05±0.36d
18.00±0.51a
4.31±0.32lm
4.55±0.05jkl
4.85±0.15ijk
4.26±0.23lm

% Solid loss

Results are expressed as mean ± standard deviation (n = 3); values followd by different lower case letters are significantly
different (p < 0.05) in the same column. bTPC is expressed as milligrams of gallic acid equivalents per gram lentil on dry basis
(mg GAE/g); TFC is expressed as milligrams of catechin equivalents per gram lentil on dry basis (mg CAE/g); CTC is expressed
as milligrams of catechin equivalents per gram lentil on dry basis (mg CAE/g); DPPH free radical scavenging capacity is
expressed as micromoles of Trolox equivalents per gram of sample on dry basis (µmol TE/g); ORAC is expressed as micromoles
of Trolox equivalents per gram of sample on dry basis (µmol TE/g); FRAP is expressed as millimoles of Fe2+ equivalents per 100
gram sample on dry basis (mmol FE/100 g).

a

TPCb
3.24±0.11a
1.08±0.01f
1.02±0.03f
1.04±0.03f
1.02±0.08f
1.93±0.09b
1.82±0.02c
1.76±0.01cd
1.72±0.12cd
1.09±0.05f
1.06±0.02f
1.06±0.12f
1.00±0.04f
1.81±0.04c
1.75±0.02cd
1.66±0.10d
1.65±0.09de
1.11±0.03f
1.12±0.04f
1.10±0.06f
1.64±0.10de
1.54±0.08e
1.68±0.03d
1.68±0.08d

Effect of thermal processing on phenolic composition, antioxidant activity and solid loss in black soybeana

Treatments

Table 3.2
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3.3.4

Effect of thermal processing on phenolic composition, antioxidant activity
and solid loss in black turtle bean
As shown in Table 3.3, all thermal treatments significantly (p < .05) reduced TPC

with steaming preserving more total phenolic content. The TPC losses caused by boiling
ranged from 66.6 to 81.4%. Boiling treatments at 121 °C preserved significantly (p <
0.05) higher TPC than other boiling conditions. For example, TPC at 121 °C for 15 min
was almost twice that from boiling at 100 °C for 30 min. In addition, for boiling at
121 °C, TPC increased with heating time. These phenomena suggested higher
temperature and longer heating time might enhance the release of phenolics in black
turtle. It should be noted that the observed TPC losses can’t be attributed only to leaching
during soaking and boiling as well as heating induced degradation. Our previous study
(Xu and Chang 2008d) demonstrated that the sum of TPC in soaking water and soaked
black bean was less than that of original raw black bean, suggesting some unknown
biological reactions during soaking process. Steaming caused TPC losses ranging from
42.4 to 60.5%. As shown in Table 3.3, in general, at the same steaming temperature, TPC
deceased with increase of heating time.
As shown in Table 3.3, all thermal treatments caused enormous TFC losses.
Compared with the raw material, boiling and steaming caused 55.2-76.5% and 37.352.2% losses, respectively. As with TPC, 121 ºC boiling treatments yielded higher TFC
than other boiling temperatures.
As shown in Table 3.3, except steaming 108 ºC for 50 min, which increased CTC
by 12.0%, all other treatments at 100 and 108 ºC significantly (p < 0.05) reduced CTC
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with regular boiling treatments causing greatest CTC losses of about 54%. At 121 ºC,
only steaming for 30 min caused 13.6% CTC losses, and all other treatments increased
(by 11.8-28.1%) or kept CTC unchanged. In general, CTC values increased with the
increase of temperature, suggesting the enhancement of pressure cooking on the
extraction of condensed tannin in black turtle bean.
Different from lentil and black soybean, in most cases, DPPH was significantly (P
< 0.05) increased by 18.5-52.1%. However, for some boiling conditions, DPPH exhibited
a minor decrease or remained unchanged. The above trend is inconsistent with ORAC
and FRAP analyses, which verified the concept that a single analytical method is not
adequate for the evaluation of the antioxidant activity of foods due to multi-functional
properties of phenolics in response to different reaction systems (Frankel and Meyer
2000).
All thermal treatments caused significant (p < 0.05) ORAC losses. Except 121 °C
steaming for 40 min and regular steaming for 70 min, which yielded higher ORAC values
of 47 and 44.3 µmol TE/g, respectively, all other steaming treatments resulted in
comparable ORAC values ranging from 39.6 to 42.5 µmol TE/g. Boiling treatments at
121 ºC gave significantly (p < 0.05) higher ORAC values than the boiling at the other
two temperatures.
Similar to ORAC, FRAP values under 121°C boiling were higher than those from
other boiling treatments. For example, FRAP from boiling at 121 ºC for 15 min was
almost twice as that from 108 °C boiling.
As expected, steaming resulted in significantly (P < 0.05) lower solid losses than
boiling. Steaming at 108 and 121 °C caused very similar losses about 6-7%. However,
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regular steaming yielded less losses of 4-5%. The greatest solid losses around 18.8%
occurred under boiling at 121 ºC for 10 and 15 min and the smallest solid loss of 12.6%
occurred under boiling at 108 ºC for 10 min.
In summary, significant differences (p < 0.05) existed among thermal treatments
in terms of TPC, TFC, CTC, DPPH, ORAC, FRAP and solid loss. Except 121 ºC, at
which most treatments significantly (P < 0.05) increased CTC, all other treatments caused
significantly (p < 0.05) CTC decreases. Different from lentil and black soybean, most
thermal treatments significantly (p < 0.05) increased DPPH. As with black soybean,
steaming retained higher phenolic contents and antioxidant capacity than boiling.
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Raw
Regular boiling 30 min
Regular boiling 50 min
Regular boiling 70 min
Regular steaming 30 min
Regular steaming 50 min
Regular steaming 70 min
Regular steaming 90 min
108°C boiling 10 min
108°C boiling 20 min
108°C boiling 30 min
108°C steaming 20 min
108°C steaming 30 min
108°C steaming 40 min
108°C steaming 50 min
121°C boiling 5 min
121°C boiling 10 min
121°C boiling 15 min
121°C steaming 10 min
121°C steaming 20 min
121°C steaming 30 min
121°C steaming 40 min

TFCb
3.24±0.02a
0.76±0.03l
1.03±0.08i
0.83±0.04kl
2.03±0.06b
1.84±0.03c
1.81±0.00c
1.55±0.05f
0.96±0.01ij
0.90±0.05jk
0.83±0.02kl
1.84±0.02c
1.73±0.04d
1.66±0.03de
1.68±0.06de
0.95±0.06j
1.35±0.05h
1.43±0.03g
1.70±0.03de
1.67±0.08de
1.67±0.07de
1.64±0.01e

CTC
5.16±0.39c
2.35±0.11i
2.40±0.04i
2.34±0.10i
3.90±0.01fg
3.95±0.18fg
4.16±0.11ef
3.49±0.29h
3.51±0.17h
4.47±0.04de
4.44±0.20de
4.44±0.04de
3.78±0.44gh
4.67±0.18d
5.78±0.30a
5.84±0.16a
5.13±0.40c
5.77±0.08a
6.61±0.30ab
5.29±0.11bc
4.36±0.09de
5.83±0.07abc

DPPH
12.08±0.28h
5.24±0.17k
11.99±0.26h
11.56±0.26hi
18.37±1.09a
16.19±0.02cd
16.22±0.49cd
14.85±0.89fg
9.72±0.05j
11.17±0.34i
11.62±0.05hi
17.27±0.01b
15.90±0.31cd
14.34±0.10g
14.84±0.03fg
10.97±0.30i
14.32±0.61g
15.52±0.16def
15.18±0.33ef
15.76±0.14cde
15.07±0.14ef
16.48±0.43c

ORAC
67.9±1.7a
13.4±0.6j
20.0±0.8h
18.0±1.5hi
42.0±1.1cde
42.5±1.6cde
44.3±2.1bc
39.6±2.9e
14.8±0.4j
14.6±0.7j
15.6±0.5ij
39.7±1.4e
39.6±2.7e
39.6±3.0e
41.0±3.1de
21.1±2.0h
28.2±1.1g
33.2±2.5f
40.2±0.5de
43.1±1.5cd
41.4±1.2cde
47.0±2.0b

FRAP
6.70±0.17a
1.10±0.08k
1.75±0.12h
1.54±0.08i
4.11±0.14b
3.38±0.00d
3.37±0.12d
3.05±0.15e
1.33±0.03j
1.40±0.05ij
1.47±0.00ij
3.74±0.12c
3.33±0.01d
3.07±0.15e
3.65±0.05c
1.79±0.07h
2.36±0.14g
2.61±0.08f
3.27±0.19d
3.01±0.15e
2.95±0.06e
3.28±0.06d

14.13±0.20c
14.27±0.44c
16.66±1.90b
4.25±0.47g
4.30±0.30g
5.37±0.29f
7.01±0.14e
12.61±0.21d
15.02±0.34c
16.86±0.79b
6.21±0.61ef
6.64±0.09e
6.39±0.35e
6.37±0.09e
16.41±0.19b
19.83±0.72a
19.88±0.07a
6.33±0.11e
6.39±0.03e
6.83±0.02e
6.58±0.17e

% Solid
loss

Results are expressed as mean ± standard deviation (n = 3); values followd by different lower case letters are significantly
different (p < 0.05) in the same column. bTPC is expressed as milligrams of gallic acid equivalents per gram lentil on dry basis
(mg GAE/g); TFC is expressed as milligrams of catechin equivalents per gram lentil on dry basis (mg CAE/g); CTC is expressed
as milligrams of catechin equivalents per gram lentil on dry basis (mg CAE/g); DPPH free radical scavenging capacity is
expressed as micromoles of Trolox equivalents per gram of sample on dry basis (µmol TE/g); ORAC is expressed as micromoles
of Trolox equivalents per gram of sample on dry basis (µmol TE/g); FRAP is expressed as millimoles of Fe2+ equivalents per 100
gram sample on dry basis (mmol FE/100 g).

a

TPCb
5.87±0.09a
1.09±0.04k
1.46±0.04i
1.27±0.02j
3.38±0.12b
2.87±0.06d
2.70±0.02e
2.47±0.15fg
1.26±0.05j
1.29±0.07j
1.29±0.02j
3.06±0.07c
2.69±0.04e
2.49±0.17f
2.50±0.13f
1.52±0.05i
1.83±0.11h
1.96±0.04h
2.55±0.14ef
2.41±0.09fg
2.32±0.02g
2.44±0.08fg

Effect of thermal processing on phenolic composition, antioxidant activity and solid loss in black turtle beana

Treatments

Table 3.3

58

3.3.5

Correlations of phenolic contents and antioxidant capacities
As shown in Table 3.4, for all legume varieties, except for CTC, all other

parameters exhibited significant linear correlation. CTC only showed significant
correlation with DPPH (r = 0.53, p < 0.05) in lentil and ORAC (r = 0.44, p < 0.05) in
black turtle bean. These weak correlation coefficients were different from the high values
observed in our early studies (Xu and Chang 2009). This might be due to the more
thermal conditions employed in the current study, while in our early study, only four
thermal conditions were tested. With regard to the correlation between CTC and other
parameters, black soybean showed almost no correlations. This might be due to the
higher content of monomers and low content of oligomers of flavan-3-ol as demonstrated
in the following Chapter V. Although all these flavan-3-ol derivatives are reactive in the
vanillin assay, according to Lotito and others (2000), condensed tannins with different
polymerization changed inconsistently in response to different reaction systems. For all
varieties, TPC exhibited very strong correlations with FRAC with correlation coefficients
being 0.99, 0.99 and 0.97 for lentil, black soybean and black turtle bean, respectively.
These strong correlations were due to the similar redox reaction mechanisms of TPC and
FRAP assays.
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Table 3.4

Pearson correlation analysis among phenolic contents and antioxidant
capacitiesa
TFC
CTC
0.98*** 0.30
0.33

FRAP
TPC
0.99***
TFC
0.98***
Lentil
CTC
0.36
(N=18)
DPPH
0.64**
ORAC
0.98***
TPC
0.96*** 0.00
0.99*** 0.98*** 0.99***
TFC
-0.26
0.95*** 0.89*** 0.93***
Black
soybean CTC
-0.03
0.00
0.02
(N=24) DPPH
0.97*** 0.98***
ORAC
0.96***
TPC
0.99*** 0.30
0.47*
0.91*** 0.97***
TFC
0.36
0.55** 0.97*** 0.99***
Black
Turtle
CTC
0.41
0.44*
0.38
(N=22) DPPH
0.66*** 0.56**
ORAC
0.95***
a
Values followed by * mean significant correlation at 0.05 level; values followed by **
mean significant correlation at 0.01 level; values followed by *** mean significant
correlation at 0.001 level.
3.3.6

DPPH
0.59**
0.58*
0.53*

ORAC
0.97***
0.96***
0.39
0.60**

Effect of thermal processing on free phenolic acids in lentil
In plants, phenolic acids exist in soluble (extractable) form or insoluble form. The

former class refers to free phenolic acids, esters, glycosides which can be extracted with
organic aqueous solvents (Mattila and Kumpulainen 2002). The latter class is bound to
cell wall polymers as complexes which can’t be released by organic solvents (Mattila and
Kumpulainen 2002). As a result, these coupled phenolic acids must be cleaved through
hydrolysis by base, acid, or even enzyme.
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In this study, the wavelengths were set at 270 nm representative of absorption
maximum of hydroxybenzoic acids and 325 nm representative of absorption maximum of
hydroxycinnamic acids. Reports in the literature about the types of phenolic acids present
in lentil are contradictory. In raw lentil, Xu and Chang (2009a) found six phenolic acids
in one study and found 11 phenolic acids in another study (Xu and Chang 2010) in the
same lentil cultivar; Lopez-Amoros and others (2006) identified 8 phenolic acids;
Bartolome and others (1997) identified 7 phenolic acids; Duenas and others (2002) found
5 phenolic acids in lentils. The above studies not only differ in the number, but also in the
types of phenolic acids identified. Even for the same compound, tremendous differences
in the reported contents exist among these studies. This inconsistency from the
abovementioned studies arose from different extraction protocols, distinct phenolic acid
compositions and mostly from identification tools used and the number of phenolic acid
standards chosen. It is well known that the phenolic acid profile is dependent not only on
genotype, but also on growth environment, degree of maturity, and post-harvest handling
(Luthria and Pastor-Corrales 2006). Duenas and others (2002) found that cis-p-coumaric
acid was present in one lentil sample but absent in another lentil sample, even though
they were from the same lentil variety and harvested in the same year. Retention time,
UV spectrum and HPLC-MS are commonly used to identify phenolic compounds. Due to
instrumental limitation, some compounds might not be accurately identified and
quantified. This is one reason why there is such a big variation among different studies.
In our current study, we used 19 phenolic acid standards and compared retention time and
UV spectrum of these standards with the target peaks. Finally, the identified phenolic
acids were confirmed with mass spectrometry. In addition, our current Agilent 1260
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Infinity system can be used to test peak purity. To avoid misleading, for those peaks with
low purity factor, no quantification was conducted. The purpose of this section was to
quantify those confirmed phenolic acids subjected to different thermal treatments. Those
phenolic acids not quantified in this section might still exist and they would be further
identified and quantified in the following fractionation and HPLC-MS analyses. In the
current study, as shown in Table 3.5, only 3 phenolic acids were quantified. Based on the
retention time, UV spectrum, and MS data, p-hydroxybenzoic acid was also present in the
lentil, but due to the low purity of the peak, quantification was not conducted. The
absence of gallic acid was in agreement with other reports that did not find gallic acid in
acidified solvent extracts even some extracts were further extracted with ethyl acetate
(Bartolomé and others 1997; López-Amorós and others 2006; Dueñas and others 2007).
Even though one big peak with the same retention time as that of authentic gallic acid
standard was found in the chromatograph, this peak exhibited different spectrum and
therefore was not designated as gallic acid. For protocatechuic acid, the highest content
was found in the raw lentil, and all thermal treatments significantly (p < 0.05) reduced its
level by 9.2-64.4%. In general, 121 ºC steaming led to the highest content of
protocatechuic acid. In raw lentil, no protocatechualdehyde was detected. However, all
thermal treatments rendered it detectable with steaming at 121 °C for 40 min yielding the
highest level of 2.96 µg/g. This phenomenon clearly indicated that in lentil,
protocatechualdehyde did not exist in the free form and could be released by heating,
especially intense thermal conditions as demonstrated in Table 3.5. Similar to our results,
Aguilera and others (2010) found the content of protocatechualdehyde was only 0.07
µg/g and it increased to 3.44 µg/g after soaking for 16 h and boiling at 100 °C for 30 min.
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With regard to p-coumaric acid, all thermal treatment substantially reduced its contents
with boiling and steaming treatments causing losses of 56.0-62.7% and 43.4-48.7%,
respectively.
In summary, three free phenolic acids were identified and quantified based on
retention time and spectra: protocatechuic acid, protocatechualdehyde and p-coumaric
acid. For the three phenolic acids, contents were significantly affected by different
thermal treatments. For protocatechuic acid and p-coumaric acid, all thermal treatments
significantly (p < 0.05) decreased their contents in comparison with raw lentil. For
protocatechualdehyde, even though undetectable in raw lentil, all thermal treatments
released it form the bound form.
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Table 3.5

Effect of thermal processing on free phenolic acids in lentil (µg/g)

Protocatechuic
Protocatechu
p-Coumaric
Treatmenta
acid
aldehyde
acid
Raw
3.38±0.13a
0±0.00j
8.73±0.20a
Regular boiling 5 min
1.74±0.01fg
0.60±0.00g
2.61±0.09h
Regular boiling 10 min
1.68±0.07fgh
0.63±0.01fg
3.47±0.10f
Regular boiling 15 min
1.47±0.17h
0.61±0.06g
3.37±0.10f
Regular steaming 10 min
2.08±0.01d
0.59±0.01g
4.51±0.16c
Regular steaming 20 min
1.47±0.10h
0.44±0.05hi
4.13±0.08de
Regular steaming 30 min
1.67±0.20fgh
0.58±0.00g
4.06±0.06e
Regular steaming 40 min
1.82±0.06ef
0.75±0.01e
4.35±0.18cd
108°C boiling 5 min
1.20±0.04i
0.53±0.01gh
2.91±0.00g
108°C steaming 10 min
1.95±0.14de
0.63±0.01fg
4.16±0.22de
108°C steaming 20 min
1.55±0.02gh
0.73±0.00ef
4.52±0.12c
108°C steaming 30 min
2.39±0.05c
0.87±0.00d
5.23±0.09b
108°C steaming 40 min
2.05±0.00d
0.97±0.03cd
4.14±0.27de
121°C boiling 3 min
1.82±0.01ef
0.58±0.03g
3.36±0.00f
121°C steaming 10 min
2.13±0.25d
0.39±0.00i
4.35±0.01cd
121°C steaming 20 min
2.45±0.09c
1.03±0.20c
4.33±0.11cd
121°C steaming 30 min
3.07±0.24b
1.43±0.13b
4.56±0.03c
121°C steaming 40 min
2.52±0.07c
2.96±0.04a
3.94±0.01e
a
Results are expressed as mean ± standard deviation (n = 3); values followd by different
lower case letters are significantly different in the same column (p < 0.05).
3.3.7

Effect of thermal processing on total phenolic acids in lentil
As shown in Table 3.6, except the three types of phenolic acids presented in Table

3.5, gallic acid was identified and quantified after alkaline hydrolysis. This means that
gallic acid existed almost exclusively in bound and conjugated forms in lentil. This result
was in agreement with the report by Zhang and others (2014) who only found gallic acid
in bound form. However, Duenas and others (2002) identified gallic acid in acidified
solvent extract from lentil seed coat but gallic acid was not found in cotyledon. Because
seed coat in lentil only represents 10% of the seed weight, the relatively low content of
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gallic acid might render it undetectable when co-eluted with larger amounts of other
compounds. If fact, the presence of free gallic acid in lentil was confirmed by
fractionation as described in Chapter V. What is surprising was that the big peak
observed in the chromatograph of free phenolic disappeared, which suggests the
compound corresponding to this big peak might be unstable under alkaline extraction
conditions or insoluble in ethyl acetate. After alkaline hydrolysis, p-hydroxybenzoic acid
was not detected. This was in agreement with the finding of Zhang and others (2014) who
found p-hydroxybenzoic acid in extractable form, but could not be detected in the bound
form. Comparing Table 3.5 to Table 3.6 are compared, it is obvious that for all detected
phenolic acids, free forms only accounted for a very small portion. The percentages of
free form related to the total were 16.2-42.7, 6.4-39.7, and 44.0-54.5% for protocatechuic
acid, protocatechualdehyde, and p-coumaric acid, respectively. Regarding total gallic
acid, in most cases, thermal treatments caused decreases by 9.1-62.7%. As for total
protocatechuic acid, all thermal treatments significantly (p < 0.05) reduced its content by
14.7-55.1%. For protocatechualdehyde, most thermal treatments reduced its content by a
narrower range of 6.9-27.8%. However, some processing treatments had no effects or
even increased its content. For example, regular steaming for 10 min caused an 8.8%
increase. In view of the heat-induced degradation, the phenomenon was abnormal. One
explanation was that alkaline hydrolysis assisted extraction was not complete and heating
further enhanced the extraction. Another probable reason was that more other compounds
were released and co-eluted during HPLC analysis and the increase was from error. The
purity test of the peaks of all these three phenolic acids showed impurity. This is
reasonable given the diversity of phenolic compounds present in the legume materials
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and the structural similarity of some phenolic compounds. As for p-coumaric acid,
boiling treatments substantially reduced its content by 56.0-62.7% and steaming
treatments reduced by 43.4-48.6%. The range of percentage loss was comparable with
our previous study (Xu and Chang 2009a).
In summary, four phenolic acids were identified and quantified after alkaline
hydrolysis: gallic acid, protocatechuic acid, protocatechualdehyde and p-coumaric acid.
For the four phenolic acids, contents were significantly (p < 0.05) affected by different
thermal treatments. Gallic acid only existed in the bound form. In general, most thermal
treatment could significantly (p < 0.05) reduce the total contents of the four compounds.
Table 3.6

Effect of thermal processing on total phenolic acids in lentil (µg/g)

Gallic
Protocatechuic Protocatechu
p-Coumaric
Treatments
acid
acid
aldehyde
acid
Raw
2.63±0.04b 12.55±1.06a 7.59±0.76bc
17.44±0.67a
Regular boiling 5 min 1.43±0.26fg 10.71±0.37b
6.05±0.00hi
6.52±0.59h
Regular boiling 10 min 1.07±0.01gh 5.90±0.16gh
6.57±0.27fg
7.35±0.16g
Regular boiling 15 min 0.98±0.06h 5.84±0.01gh 6.94±0.26efg
7.63±0.18g
Regular steaming 10 min 2.05±0.25cde 7.52±0.56def
8.33±0.70a
9.08±0.18def
Regular steaming 20 min 2.23±0.07bcd 5.63±0.22h
6.88±0.15fg
8.97±0.08f
Regular steaming 30 min 2.10±0.00cde 8.11±1.78de 7.04±0.11def 9.24±0.15cdef
Regular steaming 40 min 2.43±0.01bc 9.65±1.20bc 7.07±0.15cdef 9.35±0.30cdef
108°C boiling 5 min
2.35±0.03bc 6.32±1.02fgh
5.48±0.05j
6.50±0.07h
108°C steaming 10 min 2.20±0.52cd 6.58±0.25fgh 6.85±0.03fg 9.37±0.03bcdef
108°C steaming 20 min 2.64±0.13b 7.59±0.16def 7.54±0.03bcd 9.43±0.17bcdef
108°C steaming 30 min 3.31±0.51a 9.72±1.76bc
7.62±0.30b
9.60±0.03bcd
108°C steaming 40 min 2.39±0.12bc 6.84±0.24efgh 7.51±0.20bcd 9.54±0.38bcde
121°C boiling 3 min
1.85±0.13de 6.22±0.01fgh 6.46±0.20gh
7.67±0.09g
121°C steaming 10 min 1.76±0.01ef 8.65±0.19cd
5.91±0.09ij
9.12±0.20def
121°C steaming 20 min 2.29±0.44bc 6.65±0.16fgh 6.64±0.12fg
9.87±0.14b
121°C steaming 30 min 2.03±0.04cde 7.19±0.04efg 7.48±0.08bcd 9.75±0.17bc
121°C steaming 40 min 2.05±0.00cde 6.62±0.12fgh 7.45±0.05bcde 9.07±0.23ef
a
Results are expressed as mean ± standard deviation (n = 3); values followed by different
lower case letters are significantly different in the same column (p < 0.05).
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3.3.8

Effect of thermal processing on free phenolic acids in black soybean
As shown in Table 3.7, only one free phenolic acid was identified and quantified.

It should be noted that as will be discussed in Chapter V, after purification, free syringic
acid and p-coumaric acid were all identified and quantified in cooked black soybean. Due
to the low content level of these two phenolic acids and the high impurity of these two
peaks which showed distinct spectrum from those of authentic phenolic acids, these two
phenolic acids were not quantified. Kim and others (2006a) identified and quantified 7
phenolic acids in black soybean. These researchers might have mistaken other
compounds for phenolic acids. In the chromatograph, some other compounds were eluted
at the same retention time as that of authentic standards, which lead to different but
sometimes similar spectrum to that of authentic standards. Meanwhile, high impurity of
the peak can be observed based on purity analysis. As a result, some phenolic compounds
could be overestimated if they are present or mistakenly quantified if they are absent. For
protocatechuic acid, all boiling treatments lead to a decrease by 0.8-49.4% and at the
same temperature, the percentage decrease of protocatechuic acid content became smaller
over processing time. However, all steaming treatments caused the increases of
protocatechuic acid content by 41.7-152.6% and at the same temperature, the percentage
increase became larger over processing time. This phenomenon indicated that during the
processing, some proteocatechuic acid was released continually through heat-induced
deesterification or deglycosylation to compensate for the loss from leaking and
degradation. Correa and others (2010) detected ferulic acid after acidic hydrolysis of
black soybean extract which was obtained by the similar method to ours. In view of the
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absence of ferulic acid in our extract, it is likely that ferulic acid is extractable but not in
the free form. This postulation was confirmed by fractionation analysis in Chapter V.
In summary, only free protocatechuic acid was identified and quantified. Almost
all boing treatments decreased its contents, but all steaming treatments substantially
increased its contents, suggesting the heat-induced liberation from association with other
components.
Table 3.7

Effect of thermal processing on free protocatechuic acid in black soybean
(µg/g)

Treatmenta
Protocatechuic acid
Raw
14.65±0.02k
Regular boiling 50 min
9.94±0.11p
Regular boiling 70 min
11.09±0.25o
Regular boiling 90 min
11.81±0.21mn
Regular boiling 110 min
13.12±0.45l
Regular steaming 50 min
23.71±0.57g
Regular steaming 70 min
22.28±0.08hi
Regular steaming 90 min
22.50±0.03h
Regular steaming 110 min 23.86±0.35g
108 °C boiling 20 min
7.56±0.03r
108°C boiling 30 min
9.07±0.44q
108°C boiling 40 min
9.53±0.15pq
108°C boiling 50 min
12.28±0.01m
108°C steaming 20 min
20.76±0.07j
108°C steaming 30 min
21.79±0.29i
108°C steaming 40 min
25.36±0.37f
108°C steaming 50 min
27.87±0.08d
121°C boiling 10 min
11.63±0.51n
121°C boiling 20 min
9.02±0.05q
121°C boiling 30 min
14.54±0.09k
121°C steaming 10 min
26.39±0.21e
121°C steaming 20 min
30.13±0.75c
121°C steaming 30 min
37.01±0.37a
121°C steaming 40 min
31.78±0.08b
a
Results are expressed as mean ± standard deviation (n = 3); values followed by different
lower case letters are significantly different in the same column (p < 0.05).
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3.3.9

Effect of thermal processing on total phenolic acids in black soybean
As shown in Table 3.8, apart from one phenolic acid identified in extract by

acidified methanol, seven more phenolic acids were observed and quantified after
alkaline hydrolysis. This indicated that the majority of phenolic acids in black soybean
existed in bound form or conjugated form. It was reported that most common
hydroxycinnamic acids occurred as simple esters with glucose and quinic acid, and were
not glycosylated at phenolic hydroxyl groups (Herrmann and Nagel 1989).
Literature research showed our early study was the only one with regard to the
total phenolic acids in black soybean (Xu and Chang 2008c). Except the eight phenolic
acids mentioned above, we also found high content of gallic acid and 2,3,4trihydroxybenzoic acid in our early study. Chlorogenic acid was not found in current
study, which was consistent with our early study (Xu and Chang 2008c), because under
alkaline conditions, chlorogenic acid would disassociate to ferulic acid and quinic acid
(Nardini and others 2002a).
Syringic acid was the most abundant phenolic acid followed by p-coumaric acid
and vanillic acid (Table 3.8). The spectral data demonstrated that the peaks representative
of syringic acid and p-coumaric acid were pure, and the ratios of peak areas under 270 to
peak area under 325 nm were exactly equal to those of authentic standards. This suggests
that the compounds co-eluted with syringic acid and p-coumaric acid in acidified
methanol extract were hardly separated into ethyl acetate partition after alkaline
hydrolysis. As demonstrated in Table 3.8, all boiling methods significantly (p < 0.05)
reduced the contents of total phenolic acids in comparison with the raw material. The
percentage losses were 38.7-64.7%, 30.2-54.0%, 44.0-70.0%, 50.0-69.3%, 49.7-68.7%,
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49.2-68.9%, 54.0-71.3% and 47.5-69.0% for protecatechuic acid, protocatechualdehyde,
p-hydroxybenzoic acid, vanillic acid, syringic acid, p-coumaric acid, ferulic acid, and
sinapic acid, respectively. In general, steaming caused losses of all phenolic acids except
a few steaming conditions. For example, several intense steaming conditions significantly
(p < 0.05) increased the protocatechuic acid content. This phenomenon suggested that
some thermal conditions enhanced the release of phenolic acids. The data in Table 3.7
and Table 3.8 showed that the contents of protocatechuic acid in free form were much
higher than total contents for all thermal conditions. This weird phenomenon could be
explained by the fractionation analysis in Chapter V. The water eluted F1 and F2
fractions showed peaks at the same retention time as the authentic protocatechuic acid,
but the spectra of these two peaks were different from the spectrum of protocatechuic
acid standard. Consequently, the compounds co-eluted were calculated together as
protocatechuic acid.
In summary, after alkaline hydrolysis, seven more phenolic acids were identified
and quantified, suggesting most phenolic acids in black soybean existed in the bound
form. For all phenolic acids, significant (p < 0.05) differences existed among thermal
treatments. Except ptotocatechuic acid, all thermal treatments significantly (p <0.05)
reduced the total contents of the other seven phenolic acids in comparison with raw black
soybean. Generally, steaming preserved more phenolic acids than boiling. Syringic acid
was the most predominant phenolic acid.
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Effect of thermal processing on total phenolic acids in black soybean (µg/g)

46.38±1.84cd

46.14±2.84cd

56.09±0.64a
55.31±4.19a
46.32±1.10cd
50.06±0.15bc
28.23±6.66e
27.02±0.70efg
24.97±0.63efgh
45.87±4.46cd
46.22±4.62cd

23.17±3.66fgh

43.77±0.00d
25.88±0.67efgh
27.86±2.66ef
22.55±3.32gh

45.19±2.23cd

45.54±2.19cd

53.77±0.55ab
21.47±1.12h
16.65±0.03i
21.77±0.43h
22.22±0.65h
45.46±0.15cd

Sinapic
acid

Results are expressed as mean ± standard deviation (n = 3); values followed by different lower case letters are significantly
different in the same column(p < 0.05).

a

Treatmentsa

pProtocatechuic Protocatechuic
Vanillic
Syringic
Ferullic
Hydroxybenzoic
p-Coumaric
acid
aldehyde
acid
acid
acid
acid
acid
Raw
34.93±1.47cd 7.28±0.09ab
10.53±1.07a
100.51±1.93ab 160.52±2.50a 101.21±2.49a 80.71±0.05a
Regular boiling 50 min
12.36±0.33j 3.47±0.44hi
4.10±0.39ij
38.42±2.46hijk 63.63±4.96fgh 37.72±0.45j
30.35±1.99i
Regular boiling 70 min
13.77±0.05ij 3.68±0.66ghi
3.16±0.08k
30.86±0.06k 50.21±0.99h 30.75±0.01k 23.19±0.12j
Regular boiling 90 min 17.40±0.26fghi 4.28±0.28fgh
3.63±0.05jk
36.050.93ijk 61.66±7.01fgh 40.18±2.74ij 31.97±1.86hi
Regular boiling 110 min
18.64±fgh
4.34±0.41efg
3.81±0.46jk
35.23±2.99jk 54.56±6.11gh 37.8±0.41j
30.35±2.62i
Regular steaming 50 min 33.91±0.47cd 5.56±0.24c
7.69±0.11c
77.91±0.60de 132.78±0.04bc 85.29±1.51def 65.08±0.38def
139.43±12.72b
Regular steaming 70 min 27.25±0.40e 5.31±0.19cd
6.67±0.15de
81.49±9.56de
86.49±2.14de 66.70±8.44cde
c
140.39±16.96b
Regular steaming 90 min 27.61±0.91e
5.42±0.60c
7.09±0.72cde
80.44±8.19de
96.39±0.57bc 69.94±0.45c
c
Regular steaming 110 min 27.61±3.36e
5.54±0.30c
6.46±0.11ef
74.10±0.09e 127.28±0.45cd 79.01±0.80f 61.01±0.26f
108 °C boiling 20 min
12.33±0.15j 4.12±0.36fghi
5.14±0.03g
45.83±2.52fghi 69.72±0.18ef 45.36±2.47hi 36.58±1.43gh
108°C boiling 30 min
16.38±2.54ghij 4.04±0.03fghi
4.99±0.10g
50.25±6.19f 73.22±0.91ef 54.50±3.30g 36.93±1.73gh
108°C boiling 40 min
14.04±0.45ij
3.35±0.43i
4.24±0.14hij 41.72±1.61fghij 63.66±1.53fgh 43.69±1.33ij 34.28±1.13ghi
39.57±5.38ghij
108°C boiling 50 min
21.40±4.39f 3.99±0.27fghi
5.90±0.26f
64.72±2.02fg 37.49±1.38j
30.97±2.00i
k
108°C steaming 20 min 34.06±3.50cd 5.19±0.79cd
8.89±0.04b
93.40±2.36bc 160.89±1.09a 104.33±3.59a 75.94±1.08b
108°C steaming 30 min
43.16±6.17a
7.01±0.12b
8.85±0.46b
105.57±15.66a 163.55±10.93a 102.79±5.53ab 75.95±5.04b
108°C steaming 40 min 33.93±0.99cd 5.14±0.09cd
7.64±0.67c
79.45±1.03de 136.08±2.52bc 97.52±0.14bc 70.33±3.51c
108°C steaming 50 min
32.96±0.03d
5.42±0.08c
7.41±0.07cd
84.83±0.66cd 141.49±9.86b 88.02±5.21de 67.59±0.45cd
121°C boiling 10 min
15.42±2.50hij 3.84±0.97fghi 4.76±0.20ghi 49.31±11.52fg 80.67±18.18e 51.27±11.56gh 34.70±3.18ghi
121°C boiling 20 min
18.08±1.68fgh 4.55±0.34def
4.92±0.02gh
47.20±0.14fgh 74.16±2.19ef 51.85±3.92g 37.13±0.52g
121°C boiling 30 min
20.01±0.08fg 5.08±0.01cde 4.75±0.03ghi 42.36±2.47fghij 72.57±0.62ef 42.71±2.02ij 32.19±1.80ghi
121°C steaming 10 min 37.40±0.95bc 5.86±0.10c
7.72±0.00c
82.19±1.82de 146.50±4.52b 82.36±7.52ef 63.76±2.01def
121°C steaming 20 min
38.91±3.68b
5.51±0.07c
7.00±0.63cde
80.38±7.66de 119.04±3.45d 91.22±0.75cd 62.24±2.22ef
136.77±11.00b
121°C steaming 30 min 40.97±0.68ab 6.62±0.05b
7.40±0.42cd
81.04±3.17de
86.14±3.17de 64.56±3.47def
c
121°C steaming 40 min 40.84±0.39ab 7.82±1.08a
7.16±0.63cde
82.53±3.28de 139.24±4.13bc 89.12±1.88de 63.77±1.72def

Table 3.8
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3.3.10

Effect of thermal processing on free phenolic acids in black turtle bean
As shown in Table 3.9, three phenolic compounds were identified and quantified.

In the chromatogram, one peak occurred at the same retention time as that of authentic
gallic acid. The spectrum of authentic gallic acid exhibited two absorbance peaks at 215
and 272 nm and one valley at 240 nm. The absorbance maximum occurs at 215 nm.
However, the spectrum of the peak appearing at the same retention time as gallic acid
standard exhibited two absorbance peaks at 228 and 283 nm with 283 nm being the
absorbance maximum, which was similar to the spectral pattern observed by Ross and
others (2009). These researchers only found these peaks after acid hydrolysis, but our
current research found these peaks in aqueous methanol extract. Using mass
spectrometry, these researchers further identified the compound, which had been eluted at
the same retention time as gallic acid, as pyrogallol (or pyrogallic acid) and speculated
that this compound might came from hydrolysis of gallic acid during heating under acidic
conditions. Our result clearly indicated that this compound was present without acidic
hydrolysis treatment. Our previous study (Xu and Chang 2009b) found a higher level of
free gallic acid (89.64 µg/g) and lower level of total gallic acid (16.92 µg/ml) in black
turtle bean. It is likely that the above-mentioned peak of pyrogallic acid was identified as
gallic acid in the free phenolic acid extract, since we did not confirm with mass
spectrometry at that time. In order to determine the composition of this peak, purity was
tested and it was found that only one point of the peak exhibited the same spectrum as the
authentic gallic acid. This meant there was still some gallic acid co-eluted with pyrogallic
acid, albeit at low level. In fact, as illustrated in Chapter V, after fractionation, the
presence of gallic acid in black turtle bean was confirmed. However, due to the low
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content level and impurity, gallic acid was not quantified here. The same thing also
happened to syringic acid. It is worth noting that even for the quantified compounds as
listed in the tables, there were other compounds co-eluted with them, according to the
purity test of the peaks. As demonstrated in Table 3.9, all three identified phenolic acids
exhibited similar trend in response to the thermal treatments. Most treatments resulted in
significant (p < 0.05) decreases compared with the raw material. However, some intense
heat treatments increased their content. For example, under steaming at 121 ° C for 40
min, the percentage increases for protocatechuic acid and ferulic acid were 28.8 and
27.7%, respectively. At the same steaming temperature, the contents of all phenolic acids
increased with processing time. Even though all boiling methods decreased all phenolic
acid content, no definite pattern was found. The lower content from boiling processing
should be due to leakage into the boiling water due to breakage of beans, even though
phenolic acids would be released from the association with other compounds during the
processing. It should be noted that ferulic acid was the most abundant free phenolic acid
in black turtle bean. High content of ferulic acid implicates black turtle bean as an antiAlzhimer disease diet source, as accumulated evidence has shown ferulic acid could
attenuate Alzhimer disease (Mori and others 2013; Yan and others 2013).
In summary, three free phenolic acids were identified and quantified:
protocatechuic acid, ferulic acid and sinapic acid. Contents of the three phenolic acids
showed significant (p < 0.05) differences under various thermal treatments. Most thermal
treatments caused decreases, but some intense steaming treatments lead to increase of the
contents of protocatechuic acid and ferulic acid.
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Table 3.9

Effect of thermal processing on free phenolic acids in black turtle bean
(µg/g)

Protocatechuic
Ferulic
Sinapic
acid
acid
acid
Raw
3.26±0.14d
11.99±0.11d 3.25±0.21a
Regular boiling 30 min
1.67±0.20ghij 4.23±0.10o
0.96±0.00i
Regular boiling 50 min
1.97±0.07fg
5.52±0.08k
1.23±0.02h
Regular boiling 70 min
2.10±0.07f
4.82±0.06lm 1.22±0.01h
Regular steaming 30 min 1.54±0.12hij 9.60±0.01h
2.46±0.03d
Regular steaming 50 min 1.59±0.04hij 11.56±0.09e 2.66±0.01c
Regular steaming 70 min 1.82±0.03fghi 13.20±0.12b 2.78±0.03c
Regular steaming 90 min 2.71±0.08e
12.73±0.08c 2.73±0.05c
108°C boiling 10 min
1.49±0.08ij
5.68±0.41k
1.46±0.03fg
108°C boiling 20 min
1.42±0.07j
4.44±0.10no 1.34±0.13gh
108°C boiling 30 min
1.62±0.00hij 4.64±0.02mn 1.29±0.00h
108°C steaming 20 min
1.84±0.12fgh 10.64±0.24g 2.68±0.00c
108°C steaming 30 min
3.01±0.02d
11.07±0.26f 2.73±0.02c
108°C steaming 40 min
3.13±0.10d
11.06±0.31f 3.01±0.09b
108°C steaming 50 min
4.15±0.02c
12.28±0.07d 3.09±0.07b
121°C boiling 5 min
1.39±0.09j
4.92±0.19lm 1.50±0.11f
121°C boiling 10 min
2.51±0.01e
5.12±0.07l
1.74±0.15e
121°C boiling 15 min
3.05±0.20d
6.12±0.05j
1.84±0.02e
121°C steaming 10 min
2.62±0.15e
9.26±0.07i
2.77±0.00c
121°C steaming 20 min
3.03±0.07d
10.82±0.05fg 3.11±0.15b
121°C steaming 30 min
4.99±0.06a
12.27±0.24d 3.34±0.05a
121°C steaming 40 min
4.58±0.03b
16.59±0.60a 3.32±0.00a
a
Results are expressed as mean ± standard deviation (n = 3); values followed by different
lower case letters are significantly different in the same column (p < 0.05).
Treatmentsa

3.3.11

Effect of thermal processing on total phenolic acids in black turtle bean
For black turtle bean, after alkaline hydrolysis, eight phenolic acids were

identified and quantified as shown in Table 3.10. Table 3-9 and Table 3-10 demonstrate
that in black turtle bean, five types phenolic acids (gallic acid, p-hydroxybenzoic acid,
caffeic acid, p-coumaric acid and syringic acid) only existed in the bound form and the
other three types (protocatechuic acid, ferulic acid and sinapic acid) were present in both
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free and non-free forms. The eight phenolic acids were the same as the eight phenolic
acid found in CDC Jet black bean after alkaline hydrolysis by Ross and others (2009).
However, with the same extraction procedure, Luthria and Pastor-Corrales (2006) only
detected and quantified four phenolic acids in two black bean varieties: caffeic acid, pcoumaric acid, ferulic acid and sinapic acid. Among the eight phenolic acids, ferulic acid
was the most abundant, which was in agreement with the reports by other researchers
(Luthria and Pastor-Corrales 2006; Ross and others 2009). Due to the predominance of
ferulic acid in cereals or legumes, it is often chosen as a marker to determine the heating
effect on the release of free phenolics from conjugated and bound forms (Dewanto and
others 2002). For the three phenolic acids existing both in the free form and bound form,
the free form only constituted a small portion of the total. In raw material, the
percentages of phenolic acids in the free form were 24.5, 4.4 and 5.4% for protocatechuic
acid, ferulic acid and sinapic acid, respectively. The above data demonstrated that the
majority of phenolics were present in bound form. In our current study, we did not
determine the pohenolic acid in soluble conjugated form. According to Dewanto and
otehrs (2001), both free and conjugated ferulic acids increased with heating time and
heating temperature but the content of conjugated ferulic acid was 8-10 times higher than
that of the free form of ferulic acid because the released free ferulic acid from bound
form complexed with oligosaccharides to form soluble conjugated form. Except gallic
acid, all thermal treatments substantially reduced the contents of other seven phenolic
acids and steaming processing preserved more phenolic acids compared with boiling
processing. For gallic acid, all steaming treatments at 121 ºC and one regular steaming
significantly (p < 0.05) increased its content by 3.8-47.8%. For caffeic acid, syringic acid,
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p-coumaric acid, ferulic acid and sinapic acid, in most cases, black turtle bean after
steaming contained around 100% higher total phenolic acid contents than after boiling.
For boiling treatments, the percentage decreases in comparison with raw turtle bean were
25.4-55.9%, 40.5-65.3%, 57.3-69.1%, 51.7-83.4%, 52.5-67.4%, 59.1-72.4%, and 50.169.5% with respect to protocatechuic acid, p-hydroxybenzoic acid, caffeic acid, syringic
acid, p-coumaric acid, ferulic acid and sinapic acid, respectively. For steaming
treatments, the percentage decreases were 19.7-46.2%, 20.0-45.8%, 9.9-27.2%, 11.343.4%, 5.9-23.5%, 12.6-26.4, and 7.5-24.4%, respectively. The above data demonstrated
more losses of total phenolic acids from boiling treatments in comparison with steaming
treatments.
In summary, after alkaline hydrolysis, five more phenolic acids were identified
and quantified. For the three phenolic acids existing in both the free form and the bound
form, the free form only represented a small portion of the total contents. For gallic acid,
some steaming caused increase of total content, while for the other seven phenolic acids,
all thermal treatments significantly (P <0.05) decreased the total contents. Ferulic acid
was the most abundant phenolic acid.
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Protocatechuic
acid
13.30±0.30a
6.49±0.48kl
7.29±0.57ij
5.95±0.65l
7.40±0.36hij
8.46±0.90de
8.05±0.28defgh
7.98±0.25efghi
5.87±0.67l
9.92±0.17c
9.69±0.22c
10.68±0.00b
7.17±0.25j
8.15±0.07defg
8.11±0.45defgh
6.98±0.34jk
8.47±0.22de
8.37±0.17def
7.16±0.17j
7.67±0.01fghij
8.77±0.21d
7.49±0.05ghij

p-hydroxybenzoic
acid
10.75±0.05a
4.35±0.01hi
4.99±0.04g
3.73±0.03j
7.18±0.35cd
6.97±0.02cd
8.60±0.39b
8.19±0.65b
4.77±0.28gh
4.10±0.10ij
3.84±0.00j
7.16±0.05cd
6.70±0.12de
5.83±0.42f
6.31±0.32e
4.94±0.02g
5.54±0.29f
6.40±0.03e
7.03±0.63cd
7.38±0.11c
8.49±0.14b
6.91±0.06cd
Caffeic
Syringic
acid
acid
19.86±0.20a 33.26±0.47a
6.47±0.48j
7.92±0.79l
8.38±0.03g
13.04±0.41ij
7.09±0.10i
11.34±0.38k
14.46±0.27f 19.39±0.16g
16.09±0.09d 18.82±0.17g
16.54±0.06cd 20.12±0.84fg
16.91±0.04c 20.11±0.18fg
8.29±0.32g
5.83±0.04m
6.99±0.37i
12.01±1.22jk
6.13±0.39j
10.63±2.03k
16.51±0.29cd 21.10±1.59ef
17.89±0.01b 23.29±0.25d
15.48±0.20e 24.03±0.54d
17.49±0.04b 26.79±0.02c
7.19±0.52i
10.72±0.02k
7.70±0.19h
13.94±0.05i
8.49±0.04g
16.06±0.67h
15.60±0.11e 21.65±0.72e
17.55±0.81b 26.60±0.12c
17.45±0.18b 29.49±1.24b
17.42±0.09b 28.84±0.12b

p-coumaric
acid
42.16±1.42a
14.29±0.06k
17.92±0.01i
15.03±0.06jk
33.79±2.65efg
34.38±0.58ef
35.64±0.99de
36.92±0.35cd
17.19±1.18i
14.50±0.62k
13.66±0.44k
33.48±0.26fg
37.95±0.15bc
32.22±0.12g
36.60±0.35cd
16.80±0.57ij
17.52±0.95i
19.94±0.23h
34.40±0.66ef
37.48±3.22cd
39.65±0.26b
38.38±1.45bc
Ferulic
acid
274.35±1.93a
82.25±0.68hi
109.10±0.97f
84.65±1.22hi
201.82±0.01e
218.65±10.33cd
228.18±10.00bc
229.75±2.44bc
104.87±0.02fg
82.42±2.74hi
75.70±0.47i
220.69±11.67cd
230.26±10.07bc
212.05±8.30de
236.16±16.16b
93.30±3.04gh
100.33±6.12fg
112.34±0.52f
215.24±1.93d
233.52±12.72b
239.78±1.49b
235.24±0.65b

Sinapic
acid
59.69±0.37a
20.42±0.24lm
25.92±0.02i
21.90±0.08kl
50.53±2.54def
51.46±2.82de
55.24±0.22b
53.55±0.34bc
29.76±0.30h
19.07±0.53mn
18.18±0.43n
48.80±0.51f
52.28±0.32cd
45.13±0.50g
50.15±0.02ef
22.37±0.31jk
23.90±1.36j
26.61±0.34i
50.93±1.81de
50.59±1.24def
54.02±0.75bc
50.85±0.23de

Results are expressed as mean ± standard deviation (n = 3); values followed by different lower case letters are significantly
different in the same column (p < 0.05).

a

Raw
12.45±0.06d
Regular boiling 30 min
5.95±0.03j
Regular boiling 50 min
8.62±0.03gh
Regular boiling 70 min
5.29±0.40jk
Regular steaming 30 min 13.29±0.52c
Regular steaming 50 min 9.12±0.27fgh
Regular steaming 70 min 12.92±0.25cd
Regular steaming 90 min 12.25±0.00d
108°C boiling 10 min
4.43±0.31l
108°C boiling 20 min
4.70±0.27kl
108°C boiling 30 min
5.32±0.57jk
108°C steaming 20 min
9.78±0.12ef
108°C steaming 30 min
9.21±0.31fg
108°C steaming 40 min
9.70±0.60ef
108°C steaming 50 min
10.22±0.06e
121°C boiling 5 min
5.85±0.35j
121°C boiling 10 min
7.82±0.28i
121°C boiling 15 min
8.39±0.01hi
121°C steaming 10 min
14.62±1.53b
121°C steaming 20 min
14.71±0.15b
121°C steaming 30 min
18.40±0.24a
121°C steaming 40 min
18.30±0.10a

Gallic acid

Effect of thermal processing on phenolic acids in black turtle bean (µg/g)

Treatments

Table 3.10
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3.4

Conclusion
Phenolic contents and antioxidant capacity of the three legume varieties were

substantially affected by different thermal treatments applied. All thermal processing
methods reduced TPC, TFC, ORAC and FRAP. But in some cases, CTC and DPPH
could be increased. The three legume varieties exhibited different behaviors during
processing. Thermal processing not only degraded, but also released phenolic acids. Free
phenolic acids only accounted for a small portion of the total contents of phenolic acids.
This comprehensive study provided a guidance in the selection of optimal processing
methods to retain more biological phenolic compounds.
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CHAPTER IV
EFFECT OF THERMAL PROCESING ON PRPERTIES OF HYDROLYSATES
AFTER GASTROINTESTINAL DIGESTION
4.1

Introduction
Legumes must be cooked to reduce the contents of anti-nutrients before eating.

The heating conditions used in cooking affect not only the food texture and phenolics,
they also have pronounced effect on the degree of hydrolysis (DH) of proteins and
carbohydrates in the GI tract, which further influences the bioaccessibility of phenolics
and the composition of ACE inhibitory peptides. It has been known that phenolics
especially high-molecular-weight condensed tannins whose contents are affected by
thermal processing can reduce the activity of digestive enzymes through binding and
precipitating proteins (Oh and others 1985; Bravo and others 1994). Up to now, little
information is available regarding the total phenolic content, antioxidant activity, and
ACE inhibitory property of hydrolysates when whole legumes seeds are subject to
various thermal treatments and subsequent in vitro GI simulated digestion. The objective
of this chapter was to comprehensively investigate the above-mentioned properties and
their correlations of hydrolysates when the three legume varieties were thermally
processed and digested sequentially by various enzymes.
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4.2
4.2.1

Materials and Methods
Materials
Pepsin (Cat no. P7125), trypsin (Cat no. T0303) and α-chymotrypsin (Cat no.

G4129) were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, U.S.).
4.2.2
4.2.2.1

Methods
In vitro gastrointestinal simulation digestion
Digestion was conducted according to the protocol reported by Vermeirssen and

others (2005). In brief, 10 milligrams of raw or cooked legume powder (passing through
60-mesh screen) was suspended in 0.58% salt solution in a 200 mL-centrifuge bottle. A
portion of 0.5 mL of 80 mg/mL pepsin (sample/enzyme, 250: 1) was added and the pH
was adjusted to 2.0 with 5 N HCl. The reaction mixture was shaken for 2 h at 37 °C in an
incubator. The same amount of trypsin and α-chymotrypsin were added and the pH was
adjusted by 5 N NaOH to 8.2. The reaction mixture was further shaken for 2 h at 37 °C in
the incubator. After digestion, the reaction mixture was boiled for 10 min to inactivate the
enzymes. After centrifugation at 10,000 x g for 25 min and filtration through No.3
Whatman filter paper, the supernatant was freeze-dried to produce hydrolysate powder,
which was stored in -20 or -80 °C freezer until analysis.
4.2.2.2

Degree of hydrolysis (DH) analysis
DH analysis was conducted according to Adler-Nissen (1979) with slight

modification. About 0.3% hydrolysate in 1% SDS was prepared and incubated in 50 ºC
water bath for 15 min. The sample solution was centrifuged at 5000 x g for 10 min after
cooling to room temperature. An aliquot of 250 µL of sample solution, 2 mL of pH 8.2
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sodium phosphate buffer and 2 mL of TNBS (trinitrobenzenesulfonic acid) solution were
sequentially added to a test tube and then the reaction mixture was incubated in 50 ºC
water bath for 60 min. The reaction was stopped by adding 4 mL of 0.1 N HCl. After
down to room temperature, the absorbance was measured by spectrophotometer at 340
nm. Meanwhile, a series of 4000, 3000, 2000, 1000, 500 nmol/mL L-leucine solutions
were tested under the same conditions mentioned above and a standard curve was
constructed. For easy comparison, the DH was expressed as millimole of L-leucine
equivalents per gram of protein (mmol LLE/g).
4.2.2.3

ACE inhibitory activity analysis
ACE inhibitory activity was determined according to Wu and Ding (2002) with

slight modification. A portion of 60 µL of ACE (10 mU/mL) in 100 mM borate buffer
(pH 8.5, 300 mM NaCl) was mixed with 30 µL of sample and the mixture was let to
stand for 10 min at room temperature. A portion of 60 µL of 2.5 mM HHL in the borate
buffer was added and the reaction mixture was kept at 37 °C for 30 min. The reaction was
stopped by boiling at 85 ºC for 10 min. The reaction mixture was filtered through 0.20
µm nylon syringe filter into HPLC vials for HPLC analysis. Hippuric acid (HA) was
separated and quantified by Agilent 1260 Infinity HPLC system (Agilent Technologies,
Santa Clara, CA, U.S.). Agilent Eclipse XDB-C18 column (4.6 x150 mm, particle size, 5
µm. Agilent Technologies, Rising Sun, MD, U.S.) was used and the wavelength of DAD
was set at 228 nm. Mobile phases included solvent A (0.1% trifluoroacetic in water) and
solvent B (0.1% trifluoroacetic acid in acetonitrile). The elution gradient was as follow:
0-10 min, 5-60% B; 10-12 min, 60% B; 12-13 min, 60-5% B. The percentage of ACE
inhibition was calculated according to the following equation:
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% inhibition=100-[100 x (HAsample/HAcontrol)]

(4.1)

where HAsample denotes the content of HA when sample was present; HAcontrol denotes the
content of HA when sample was replaced by water.
4.2.2.4

Phenolic acid determination of selected hydrolysates from in vitro GI
simulation digestion
Approximately 1 g of hydrolysate was accurately weighed and dissolved in 10 mL

of water. Ten milliliters of ethyl acetate was added and shaken for 10 min. After
centrifugation at 13,000 x g for 10 min, the upper organic layer was pipetted out and the
extraction was repeated for 4 more times. The organic extracts were combined and
evaporated by vacuum rotary evaporator at 38 ºC. The residue was dissolved in 4 mL of
75% methanol and filtered through 0.2 µm nylon membrane filter. The prepared samples
were stored at -80 ºC until HPLC analysis. The HPLC analysis of phenolic acids was the
same as the method described in chapter III. Results are expressed on the basis of dry
seed material with correction for the yield of hydrolysates.
4.3
4.3.1

Results and Discussion
Effect of thermal processing on total phenolic content, antioxidant activity,
degree of hydrolysis and ACE inhibitory property of lentil hydrolysate by
in vitro GI simulation digestion
As shown in Table 4.1, TPC values of hydrolysates of various heat-treated lentil

ranged from 12.66-14.42 mg GAE/g. In most cases, the hydrolysates of lentil subjected to
various thermal treatments exhibited no significant (p < 0.05) differences. However, if
TPC values in Table 4.1 are compared with those presented in Table 3.1, it can be found
total phenolic content increased by 4.1-7.2 folds. These drastic increases of TPC contents
could be partly attributed to the presence of proteins, peptides and amino acids, which
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can all contribute to the oxidation of Folin Ciocalteu Reagent (FCR) and augment the
measured TPC values (Singleton and others, 1999). Another explanation was the change
of phenolic composition induced from hydrolysis of enzyme and the acidic gastric
condition. Phenolic compounds mostly exist as esters or glucosides from which free
soluble phenolics can be liberated (Baublis and others 2000). Liyana-Pathirana and
Shahidi (2005) further verified that simulated gastric condition (pH 2 aqueous solution
without protease present) considerably facilitated the extraction of vanillic acid and
ferulic acid from soft and hard wheat and their fractions. To be bioactive, phenolics must
be bioaccessible in soluble form (Bouayed and others 2011). Therefore, our current data
substantiate the concept that the total phenolic content determined by in vitro GI
digestion should be a favorable assessment of bioaccessibility of phenolics over those
derived from chemical extraction.
DPPH scavenging activity of hydrolysates of lentil subjected to various thermal
treatments showed highest value of 25.43 µmol TE/g (121 ºC steaming for 40 min) and
lowest value of 11.91 µmol TE/g (108 °C for 5 min). The significant differences
exhibited by DPPH values following various thermal treatments suggested the
tremendous effects of different processing conditions on the hydrolysis. Compared with
those cooked lentil (Table 3.1), the corresponding hydrolysates exhibited higher DPPH
scavenging activity. It should be noted that the DPPH values of hydrolysates arose from
the action of both phenolic compounds and peptides, either synergistically, or
antagonistically, or additively.
As shown in Table 4.1, significant (p < 0.05) differences existed among DH
values when samples were subjected to different thermal treatments. The DH values
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ranged from 1.98 mmol LLE/g representing regular boiling for 15 min to 2.36 mmol
LLE/g representing regular steaming 20 min.
As shown in Table 4.1, significant (p < 0.05) differences of ACE inhibition were
found among hydrolysates derived from lentil subjected to different thermal treatments.
For the definite concentration of 0.2 mg/mL, the percentage inhibition ranged from 16.12
to 30.98%. A lot of individual phenolic compounds present in lentil have been proved to
be inhibitors against ACE (Al Shukor and others 2013; Zhang and others 2015).
Meanwhile, hydrolysates from lentil protein also exhibited ACE inhibitory activity.
Therefore, the ACE inhibitory activity demonstrated by the lentil hydrolysates should be
the joint action of both phenolics and peptides and their ACE inhibition were greatly
influenced by the thermal treatments.
To the best of our knowledge, there is no systematic study regarding the effect of
the thermal processing on degree of hydrolysis, ACE and antioxidant activities of
hydrolysates. The only similar study which can be found in the literature was conducted
by Akillioglu and Karakaya (2009). These workers found after autoclaving for 15, 30 and
50 min, common bean, pinto bean and green lentil showed different pattern in the ACE
inhibition after in vitro GI simulation digestion with pepsin and pancreatin. They also
found that the ACE inhibition did not change consistently with heating intensity. For
protein hydrolysates, ACE inhibitory activity was more dependent on their peptide
sequences (Betancur-Ancona and others 2014).
In summary, when lentil subjected to different thermal treatments was digested in
vitro, significant (p < 0.05) differences existed among thermal treatments in terms of
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DPPH, DH, and ACE inhibition. Compared with extracted phenolics, the corresponding
hydrolysates showed much higher DPPH values.
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DPPH
(µmol TE/g)

DH
(mmol LLE/g)

ACE inhibition
(%)b

Protein content
(%)

Regular boiling 5 min
13.35±0.32bc
13.36±0.89f
2.13±0.05cdef
25.26±0.16bcdef
43.22
Regular boiling 10 min
13.98±0.36ab
15.38±0.50e
2.03±0.10fg
26.46±2.04abcde
44.38
Regular boiling 15 min
13.39±0.53bc
15.35±0.72e
1.98±0.09g
29.16±2.15abc
43.07
Regular steaming 10 min
13.12±0.53bc
17.08±0.65cde
2.20±0.07bcd
23.18±0.17defg
40.37
Regular steaming 20 min
13.37±0.37bc
16.21±0.37de
2.36±0.06a
23.96±0.15cdefg
40.54
Regular steaming 30 min
13.21±0.29bc
17.64±0.44cd
2.30±0.07ab
23.38±5.04defg
40.71
Regular steaming 40 min
13.14±0.46bc
18.54±0.54bc
2.20±0.04bcd
16.1±21.68h
41.44
108°C boiling 5 min
12.66±1.74c
11.91±0.70f
2.11±0.01cdef
20.25±0.00fgh
45.78
108°C steaming 10 min
13.54±0.09abc
17.56±0.32cd
2.23±0.03bc
26.71±1.16abcd
41.43
108°C steaming 20 min
13.42±0.12abc
16.89±0.95cde
2.22±0.02bc
25.29±0.69bcdef
40.83
108°C steaming 30 min
13.36±0.24bc
18.16±0.12cd
2.22±0.08bcd
21.11±1.11efgh
40.54
108°C steaming 40 min
13.80±0.15ab
18.71±1.07bc
2.22±0.04bcd
18.99±0.29gh
40.58
121°C boiling 3 min
14.42±0.37a
18.19±1.46cd
2.16±0.06bcde
23.51±0.42defg
42.88
121°C steaming 10 min
12.96±0.13bc
17.43±0.14cd
2.20±0.07bcd
23.22±0.20defg
39.93
121°C steaming 20 min
13.28±0.53bc
17.85±2.41cd
2.18±0.09bcd
29.52±4.19ab
39.2
121°C steaming 30 min
13.65±0.04abc
20.20±1.30b
2.04±0.04efg
28.66±5.49abcd
40.71
121°C steaming 40 min
13.05±0.74bc
25.43±1.95a
2.08±0.14defg
30.981.51a
37.71
a
Results are expressed as mean ± standard deviation (n = 3); values followed by different lower case letters are significantly
different in the same column (p < 0.05).
b
Percentage ACE inhibition was measured at 0.2 mg hydrolysate/mL.

TPC
(mg GAE/g)

Properties of hydrolysates from in vitro gastrointestinal simulation digestion of lentil subjected to various thermal
processing conditions

Treatmentsa

Table 4.1
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4.3.2

Effect of thermal processing on total phenolic content, antioxidant activity,
degree of hydrolysis and ACE inhibitory property of black soybean
hydrolysates by in vitro GI simulation digestion.
As with lentil, all TPC values of hydrolysates from black soybeans subjected to

various thermal treatments showed narrow range from 14.4-15.98 mg GAE/g. In general,
the boiling treatments resulted in significantly (p < 0.05) higher TPC values than
steaming treatments. This might be due to higher protein content in hydrolysates from
boiled beans. In most cases, no significant differences among boiling treatments or
among steaming treatments were observed. However, if TPC values in Table 4.2 are
compared with those presented in Table 3.2, it can be found total phenolic content
increased by 6.36-14.34 folds after in vitro GI simulation digestion.
After digestion, in most cases, the DPPH values of hydrolysates were more than
doubled in comparison with the corresponding values after phenolic extraction from
cooked black soybeans (63.3-240.4% increase). Different from the pattern exhibited by
TPC assay, steaming treatments yielded significantly (p < 0.05) higher DPPH values than
boiling treatments. DPPH values from steaming ranged from 11.02 to 14.12 µmol TE/g
and DPPH values from boiling ranged from 7.60 to 8.82 µmol TE/g.
As shown in Table 4.2, significant differences (p < 0.05) in DH were found
among different thermal treatments. In general, DH values from steaming treatments
were higher than those from boiling treatments. In all, the DH values ranged from 1.45 to
1.64 mmol LLE/g.
Hydrolysates from black soybean treated under different thermal conditions
showed significant (p < 0.05) differences in the ACE inhibitory activity. Hydrolysate
from 120 °C steaming for 40 min show lowest percentage inhibition of 27.76% at 0.2
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mg/mL; hydrolysate from regular boiling and 108 °C boiling exhibited the highest
percentage inhibition up to 45.82% at 0.2 mg/mL. As shown in Table 4.2, boiling
treatments generally caused higher ACE inhibition than steaming treatments at the same
temperature. This might be due to the higher protein content in hydrolysate derived from
boiling processing. Compared with lentil and black turtle, black soybean hydrolysates
showed higher ACE inhibition, partly due to higher protein content in black soybean
hydrolysates. As shown in Table 4.2, the protein contents of hydrolysate from boiling
treated beans ranged from 49.90 to 53.34%, while those from steaming treatments ranged
from 42.79 to 45.55%. The higher protein content of hydrolysate from boiling was likely
due to the higher protein content of boiled black soybean. As reported by Pedrosa and
others (2015), canned dry beans had higher protein content and lower carbohydrates than
raw beans.
In summary, when black soybean subjected to different thermal treatments was
digested in vitro, significant (p < 0.05) differences existed among thermal treatments in
terms of DPPH, DH, and ACE inhibition. Steaming caused significantly (p < 0.05) higher
DPPH and DH, but lower ACE inhibition and protein content than boiling.
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TPC
(mg GAE/g)
15.20±0.35cde
15.45±0.06abc
15.76±0.17ab
15.65±0.34abc
14.21±0.36g
14.71±0.13efg
14.86±0.20def
14.450.21fg
15.66±0.19abc
15.34±0.34bcd
15.40±0.26bc
15.98±0.38a
15.47±0.35abc
14.82±0.34def
14.40±0.35fg
14.77±0.24ef
15.29±0.24bcd
15.76±0.25ab
15.78±0.16ab
14.47±0.19fg
14.76±0.28ef
14.43±0.24fg
14.35±0.15fg

DPPH
(µmol TE/g)
7.31±0.30i
7.74±0.16ghi
8.01±0.13fgh
8.63±0.27ef
11.35±0.16d
11.34±0.26d
11.41±0.09d
12.13±0.55c
7.60±0.27hi
8.30±0.25efg
8.51±0.24ef
7.69±0.12ghi
11.33±0.24d
11.55±0.12d
11.38±0.36d
12.1±50.74c
8.27±0.30efg
8.52±0.38ef
8.82±0.02e
11.02±0.23d
11.07±0.34d
13.36±0.28b
14.12±0.32a

DH
(mmol LLE/g)
1.45±0.02fb
1.46±0.03f
1.48±0.02ef
1.46±0.03ef
1.54±0.00cd
1.62±0.02ab
1.63±0.02ab
1.58±0.05bc
1.56±0.01bcd
1.56±0.07bcd
1.55±0.00cd
1.52±0.02cde
1.56±0.01bcd
1.57±0.01bc
1.58±0.04abc
1.64±0.03a
1.44±0.02f
1.50±0.02def
1.47±0.03ef
1.59±0.04abc
1.62±0.02ab
1.57±0.02bc
1.59±0.01abc

ACE inhibition
(%)b
38.70±0.80def
41.52±0.34bcd
47.01±2.72a
41.53±2.27bcd
43.78±0.56ab
35.72±2.34efg
30.64±2.25)hi
38.37±1.49def
45.82±2.03a
45.28±1.73ab
43.99±1.79ab
43.51±2.76abc
39.27±0.58de
35.88±3.43efg
34.94±2.97fg
36.61±1.77efg
30.88±1.09hi
39.67±1.13cde
39.58±0.23cde
36.59±1.27efg
33.05±4.12gh
34.84±0.03fg
27.76±0.78i

Protein content
(%)
51.77
52.98
53.15
53.54
45.16
44.45
44.94
44.13
50.41
49.9
50.28
52.00
44.65
43.87
44.76
43.41
51.31
51.32
50.89
44.85
45.55
44.13
42.79

Results are expressed as mean ± standard deviation (n = 3); values followed by different lower case letters are significantly
different in the same column (p < 0.05).
b
Percentage ACE inhibition was measured at 0.2 mg hydrolysate/mL.

a

Treatmentsa

Properties of hydrolysates from in vitro gastrointestinal simulation digestion of black soybean subjected to various
thermal processing conditions

regular boiling 50 min
regular boiling 70 min
regular boiling 90 min
regular boiling 110 min
regular steaming 50 min
regular steaming 70 min
regular steaming 90 min
regular steaming 110 min
108 °c boiling 20 min
108°c boiling 30 min
108°c boiling 40 min
108°c boiling 50 min
108°c steaming 20 min
108°c steaming 30 min
108°c steaming 40 min
108°c steaming 50 min
121°c boiling 10 min
121°c boiling 20 min
121°c boiling 30 min
121°c steaming 10 min
121°c steaming 20 min
121°c steaming 30 min
121°c steaming 40 min

Table 4.2
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4.3.3

Effect of thermal processing on total phenolic content, antioxidant activity,
degree of hydrolysis and ACE inhibitory property of black turtle bean
hydrolysate by in vitro GI simulation digestion.
Similar to black soybean, in most cases, hydrolysates derived from boiling-

processed black turtle beans showed significantly (p < 0.05) higher TPC values than
those from steaming processed black turtle beans. The TPC values ranged from 10.11 to
12.72 mg GAE/g. Compared with TPC values presented in Table 4.3, in vitro GI
simulation digestion caused 2.3-10.5 folds increases of TPC.
As with black soybean, steaming treatments resulted in significantly (p <0.05)
higher DPPH values in hydrolysates than boiling treatments. However, compared with
DPPH values of phenolics from black turtle (Table 3.3), except two boiling treatments at
108 °C, which showed slight decrease, hydrolysis only caused increase ranging from 9.4
to 130.3 %. This relatively lower increase of DPPH free radicalscavenging capacity
might be in part due to the characteristic compact structure which limits the protease
access.
With regard to degree of hydrolysis, it is obvious that steaming gave rise to
significantly (p < 0.05) higher DH values than boiling. As with lentil and black soybean,
boiling processing yielded higher protein content in hydrolysates.
As shown in Table 4.3, after treatments under various thermal conditions, the in
vitro GI simulation digestion resulted in marked differences among hydrolysates in terms
of ACE inhibitory activity. Boiling at 108 ºC produced the most potent hydrolysate
against ACE, and the 121 ºC steaming treatments resulted in the weakest ACE inhibition.
The percentage inhibition from 108 ºC boiling reached up to 44.14%, while the
percentage inhibition from 121 ºC steaming can be as low as 7.78%. The huge disparity
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elicited from different thermal treatments implicated the great effect of protocol
employed in the processing. The phenolics and peptides derived from the two processing
methods need to be further characterized to reveal the reason behind the phenomenon.
In summary, when black turtle bean subjected to different thermal treatments was
digested in vitro, significant (p < 0.05) differences existed among thermal treatments in
terms of DPPH, DH, and ACE inhibition. Like black soybean, steaming caused
significantly (p < 0.05) higher DPPH and DH, but lower ACE inhibition and protein
content than boiling.
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Properties of hydrolysates from in vitro gastrointestinal simulation digestion of black turtle bean subjected to various
thermal processing conditions

Treatmentsa

TPC
DPPH
DH
ACE inhibition
Protein content
(mg GAE/g)
(µmol TE/g)
(mmol LLE/g)
(%)b
(%)
regular boiling 30 min
12.48(0.42)ab
12.07(0.99)hi
1.88(0.00)ijk
31.13(1.01)cdef
39.61
regular boiling 50 min
12.15(0.07)bcd
14.79(0.56)g
1.97(0.04)efghi
28.36(0.99)efg
38.13
regular boiling 70 min
12.20(0.44)abc
14.78(0.66)g
1.92(0.03)hijk
26.52(3.16)fg
39.58
regular steaming 30 min 11.08(0.30)efg 21.59(1.04)cde
2.23(0.01)a
26.78(4.21)fg
33.21
regular steaming 50 min 11.07(0.41)efg 21.76(0.74)cde
2.04(0.03)cdefg
29.11(0.45)defg
33.81
regular steaming 70 min 11.23(0.13)ef
21.86(1.48)cde
2.11(0.06)bc
34.74(1.03)cd
33.12
regular steaming 90 min 10.97(0.11)fg
20.52(0.31)e
2.18(0.03)ab
29.07(0.00)defg
32.7
108°c boiling 10 min
12.06(0.19)bcd
9.55(033)j
1.96(0.08)fghi
44.14(1.49)a
39.64
108°c boiling 20 min
11.84(0.33)cd
10.69(0.60)ij
1.86(0.02)jk
42.49(1.26)ab
39.95
108°c boiling 30 min
12.72(0.16)a
12.71(0.46)h
1.85(0.04)k
42.10(1.46)ab
40.12
108°c steaming 20 min
11.25(0.17)ef
20.41(0.44)e
1.95(0.02)ghij
30.09(0.10)def
33.52
108°c steaming 30 min
11.25(0.27)ef
21.56(0.23)cde
2.00(0.05)defgh
30.69(6.36)cdef
33.28
108°c steaming 40 min
10.97(0.42)fg
22.30(0.10)cd
2.07(0.07)cd
34.22(5.21)cde
32.81
108°c steaming 50 min
11.62(0.32)de
25.49(1.34)b
2.06(0.01)cde
36.75(0.00)bc
31.75
121°c boiling 5 min
11.95(0.20)bcd
12.43(0.15)h
1.85(0.01)k
19.36(2.62)h
38.16
121°c boiling 10 min
11.92(0.21)bcd
18.36(0.36)f
1.92(0.05)hijk
25.23(0.40)fgh
37.77
121°c boiling 15 min
11.83(0.28)cd
17.71(0.60)f
1.89(0.07)ijk
23.71(0.53)gh
37.24
121°c steaming 10 min
11.28(0.34)ef
20.74(0.20)de
1.99(0.03)defgh
19.63(0.56)h
34.45
121°c steaming 20 min
10.11(0.10)h
22.85(0.64)c
2.05(0.04)cdef
13.76(0.83)i
32.18
121°c steaming 30 min
10.63(0.17)g
26.41(1.99)b
1.96(0.03)fghi
10.24(2.31)ij
31.36
121°c steaming 40 min
10.75(0.35)fg
29.56(0.88)a
2.03(0.05)cdefg
7.78(1.31)j
30.33
a
Results are expressed as mean ± standard deviation (n = 3); values followed by different lower case letters are significantly
different in the same column (p < 0.05).
b
Percentage ACE inhibition was measured at 0.2 mg hydrolysate/mL.

Table 4.3
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4.3.4

Correlation among TPC, DPPH, DH and ACE inhibition of hydrolysates
from three legume varieties
In our current study, as demonstrated in Tables 4.1-4.3, it is very clear that the

three legume varieties exhibited distinct DH profiles when beans were subjected to
various thermal conditions. This is reasonable in view of different compositions of the
three legume varieties. Montoya and others (2008) reported that after in vitro
gastrointestinal proteolysis of phaseolin of 43 common beans (pepsin for 2 h and
pancreatin for 4 h), the DH values varied greatly. These researcher attributed the big
variation among varieties to the disparity in protein composition. Deshpande and
Damodaran (1989) further found that even proteins with high homology could
demonstrate distinct susceptibility to proteolysis. These researchers observed that
phaseolin from dry beans became ready to be hydrolyzed by trypsin after heating for 15
min at 99 ºC, even though it was resistant in its native state. However, the vicilin from
green peas exhibited opposite trend. The researcher attributed the phenomenon in part to
the heat-induced secondary structure changes as indicated by circular dichroism (CD). In
the same study, the researchers also found that after autoclaving of the phaseolin at 121
°C for 15 min, the DH increased from 2.7 to 7.5 folds. However, our current study clearly
indicates that the degree of hydrolysis (DH) did not always increase accordingly with the
increase in heat intensity, which suggested the complexity of food matrix and the heating
induced modification. Pena-Ramos and Xiong (2002) also observed DH increases during
trypsin and chymotrypsin hydrolysis after soybean protein isolate (SPI) was preheated for
5 min at 90 ºC and these researchers ascribed the improved DH to the increased
accessibility of peptide bonds to the enzymes. This explanation was questionable if the
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presence of trypsin inhibitors was considered because these researchers also observed
decreased DH when alcalase was used. However, the electrophoretic pattern
demonstrated that the brief heating improved the resistance of glycinin basic subunit to
pepsin. Their results implied that heating effect on hydrolysis depends on both protein
composition and enzyme type. Our results indicate that the intensity of thermal
treatments had a substantial effect on hydrolysis. Hence, the control of thermal treatments
to achieve desirable antioxidant efficiency of peptides is essential. In fact, all the reports
regarding the effect of thermal processing on antioxidant activity and degree of
hydrolysis in the literature deal with only one or two thermal conditions to compare with
non-heated material. In our current study, we compared a whole range of heating
conditions to investigate relationship between degree of hydrolysis and heating
conditions. In addition, we did not include raw beans in this study, because all beans
needed to be cooked prior to consumptions due to the nutritional and flavor concerns. As
shown in Table 4.4, DH had very weak correlation with DPPH and TPC in lentil, but had
significant correlation in black soybean and black turtle. What is interesting is that DH
had negative correlation with TPC but positive correlation with DPPH in black soybean
and black turtle. Chen and others (1995) found that during the hydrolysis of βconglycinin with five enzymes from different sources, the antioxidant activity of
hydrolysates did not increase with the increase of degree of hydrolysis (DH). This
phenomenon substantiates the idea that antioxidant activity of peptides is much dictated
by the sequence of amino acids, which is related to the specificities of proteases
employed. In our current study, the scenario became even complex because of the
involvement of phenolics, which are related to the heating condition and the protein
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nature. For all three legume varieties, only negatively weak correlation were found
between DH and ACE inhibition. This finding implies that heat-induced changes of
degree of hydrolysis can’t be used as a predictor of antioxidant and ACE inhibitory
activities and therefore the data presented here could be a good guidance for the selection
of processing conditions in order to achieve optimal ACE inhibition after digestion. The
ACE inhibition should be more dependent on the composition of peptides and phenolics
and their combined effects either in additive, or antagonistic or synergistic manner.
Table 4.4

Pearson correlation analysis among TPC, DPPH, DH and ACE inhibition
of hydrolysates of three legumes

Lentil
(N=17)
Black
soybean
(N=23)
Black
turtle
(N=21)

4.3.5

TPC
DPPH
DH
TPC
DPPH
DH
TPC
DPPH
DH

DPPH
0.11

DH
-0.12
-0.01

ACE inhibition
0.11
0.29
-0.45
0.57**
-0.65***
-0.37

-0.83***

-0.62**
0.73***

-0.80***

-0.65**

0.56**

0.61**

-0.57**
-0.1

Effect of digestion on individual phenolic acids
In current study, as shown above, the measured total phenolics and antioxidant

activity changed significantly. However, these data did not give any information on the
changes of individual phenolics during the in vitro GI simulation digestion, because the
measured values could be largely from peptides. In order to elucidate the effect of
thermal processing and subsequent GI digestion step on specific phenolic compounds,
individual phenolic acids in the hydrolysates were identified and quantified. In this study,
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two thermal treatments (10 min steaming at 121ºC and 40 min steaming at 121ºC) were
chosen to make a comparison. In Table 4.5, the contents of free phenolic acids from
acidified methanol were presented to make a comparison between chemical extraction
and in vitro GI digestion. For convenience, all values were expressed on the basis of
beans with correction for the hydrolysate yields.
As shown in Table 4.5, the simulated GI digestion exhibited significant
differences not only in the contents, but also in the types of phenolic acids when
compared with chemical extraction. In addition, the release of phenolic acids was related
to the thermal treatments prior to digestion. All the compounds found from chemical
extraction were found in simulated GI digestion. Besides, some compounds, which had
not been detected were found after digestion. Gallic acid, which had not been detected in
lentil, was detected after digestion. Our results implied that gallic acid might exist in
diverse forms, complexed with various compounds including proteins. Our current
research is the first to reveal the huge disparity between the effects of chemical extraction
and digestion. What is surprising is that vanillic acid, which had not been detected even
after alkaline hydrolysis was found in the hydrolysate of lentil. Our finding suggests that
vanillic acid might be associated with protein with some bonding other than ester
bonding. The increases in phenolic acids after in vitro digestion would provide higher
amount of phenolic acids for utilization.
It should be noted that the release of these phenolic compounds can’t be only
attributed to the action of digestive enzymes, because the low pH in the simulated gastric
phase might cause the liberation from esterification from other compounds. Liyana-
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Pithirana and Shahidi (2005) found marked increase of vanillic acid and ferulic acid
contents after acidic treatment of wheat flour at pH 2.
Table 4.5 clearly shows that thermal treatments could affect the contents of free
phenolic acids in the hydrolysates. Except p-hydroxybenzoic acid in black turtle,
steaming at 121 ºC for 40 min resulted in significantly (p < 0.05) higher level of phenolic
acids than steaming at 121 ºC for 10 min. In the hydrolysate of black soybean after 40
min steaming at 121 ºC, the content of p-coumaric acid was 6.45 µg/g, even though pcoumaric acid was not detected in hydrolysate when black soybean was treated for 10
min at 121 ºC. The differences arising from different thermal treatments make it
imperative to comprehensively investigate the effects of a broad range of thermal
processing conditions for the optimization of process.
In summary, the profile of individual phenolic acids from in vitro GI simulation
digestion was different from that from chemical extraction and it was also affected by
thermal treatments prior to digestion. In general, simulated GI digestion yielded more
free phenolic acids than chemical extraction.
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0.32±0.01d

ND

0.7±0.01c

ND

ND

ND

ND

ND

1.51±0.04b

ND

4.40±0.07a

10-H

40-S

40-H

10-S

10-H

40-S

40-H

10-S

10-H

40-S

40-H

2.87±0.08g

4.58±0.03e

1.86±0.03j

2.62±0.15h

16.09±0.16c

31.78±0.08a

13.73±0.15d

26.39±0.21b

3.95±0.02f

2.52±0.07h

2.89±0.01g

2.13±0.25i

Protocatechic
acid

ND

ND

ND

ND

ND

ND

ND

ND

0.31±0.01c

2.96±0.04a

ND

0.39±0.00b

Protacatechu
aldehyde

1.98±0.01d

ND

2.14±0.02c

ND

0.71±0.01f

ND

1.15±0.02e

ND

5.99±0.03a

ND

4.45±0.02b

ND

pHydroxybenzoic
acid

ND

ND

ND

ND

3.52±0.12a

ND

2.54±0.09b

ND

1.90±0.02c

ND

0.71±0.01d

ND

Vanillic
acid

12.96±0.12a

ND

5.82±0.08b

ND

ND

ND

ND

ND

ND

ND

ND

ND

Syringic
acid

ND

ND

ND

ND

6.45±0.09a

ND

ND

ND

ND

3.94±0.01c

ND

4.35±0.01b

pCoumaric
acid

7.94±0.08c

16.59±0.60a

4.76±0.05d

9.26±0.07b

ND

ND

ND

ND

ND

ND

ND

ND

Ferulic
acid

1.98±0.01d

3.32±0.00a

1.33±0.02c

2.77±0.00b

ND

ND

ND

ND

ND

ND

ND

ND

Sinapic
acid

32.34±0.30a

24.49±0.59c

20.14±0.24d

14.65±0.19f

26.77±0.38b

31.78±0.08a

17.41±0.25e

26.38±0.21b

12.86±0.05g

9.42±0.09h

8.37±0.01i

6.87±0.25j

Total

Data are expressed as means ± standard deviations (n = 3) on dry bean basis. Values marked by different low case letters in the
same column are significantly different (p < 0.05).
b
L: lentil; BS: black soybean: BT: black turtle bean; 10-S: seed after 10 min steaming; 10-H: hydrolysate after 10 min steaming;
40-S: seed after 40 min steaming; 40-H: hydrolysate after 40 min steaming.

a

BT

BS

L

ND

Gallic
acid

Comparison of free phenolic acid contents between chemical extraction and in vitro GI digestion (ug/g)a

10-S

Table 4.5
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4.4

Conclusion
TPC, DPPH, DH, ACE inhibition and protein contents of hydrolysates were

significantly affected by thermal treatments prior in vitro GI simulation digestion. In
general, steaming gave higher DPPH and DH values, but low ACE inhibition and protein
contents compared with boiling. With regard to different legume varieties, DH showed
different correlation with TPC, DPPH and ACE inhibition. The profile of individual
phenolic acids from in vitro GI simulation digestion was different from that from
chemical extraction and it was also affected by thermal treatments prior to digestion.
This study offered useful information regarding the properties of hydrolysates of legumes
subjected to various thermal treatments. Some studies have been conducted regarding the
proximate composition and other bioactive compounds in canned beans as affected by
thermal processing. However, little information is available with respect to antioxidant
and ACE inhibitory activities in hydrolysates of cooked beans. This study would provide
more information for the industry in the selection of processing method and health
claims.
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CHAPTER V
PURIFICATION, FRACTIONATION AND IDENTIFICATION OF PHNOLIC
COMPOUNDS AND ANTIOXIDANT AND ACE INHIBITORY ACTIVITY
5.1

Introduction
Clinical trials have demonstrated that consumption of legumes are inversely

related the incidence of cardiovascular diseases (Belski and others 2011; Hermsdorff and
others 2010; Nöthlings and others 2008). These health benefits are in part attributed to
the attenuation of oxidative stress by antioxidant components which exert an array of
cellular activities (Wang and others 2011b). Oxidative stress has been established as the
major factor in the development of a wide range of cardiovascular diseases, including
hypertension (Hamilton and others 2004). Dietary antioxidants are able to attenuate
oxidative stress and counteract the onset and progression of cardiovascular diseases.
Human studies have demonstrated that intake of phenolic-rich foods could significantly
increase the antioxidant level of plasma (Cao and others 1998). With human and rat
cardiomyocytes, our lab proved that lentil phenolic extract had the ability to attenuate
angiotensin II-induced cardiomyocyte hypertrophy and reduce intracellular reactive
oxygen species (ROS) levels (Yao and others 2010). In animal study, it was further
demonstrated that the phenolic extract from cooked lentil could significantly alleviate
angiotensin II-induced hypertension and cardiomyocyte hypertrophy in rats (Xuan and
others 2013). Hypertension is a predominant factor in the development of various
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cardiovascular diseases including atherosclerosis, heart attack and coronary disease. With
simultaneously hypertensive rats (SHRs), various studies have proved that phenolic
extracts from legume could reduce blood pressure and suppressed inflammatory
responses such as intra cellular ROS level, overexpression of proinflammatory enzymes
including iROS, COX-1, generation of O2 – as well as NADPH oxidase (Mukai and Sato
2009; Mukai and Sato 2011). In addition to the suppression of oxidative stress, one
commonly used therapeutic approach to treat hypertension is the inhibition of angiotensin
I converting enzyme (ACE), which mediates the formation of angiotensin II, a
vasoconstrictor and ROS initiator. A lot of plant extracts and pure phenolic compounds
possess ACE inhibitory activity, and the ACE inhibition varied greatly according to
extract source and chemical structures of phenolic compounds (Al Shukor and others
2013; Guerrero and others 2012a). However, the ACE inhibition of legume phenolic
extracts has been rarely reported. Our lab has proved that lentil, black soybean and black
turtle contain higher phenolic content and possess potent antioxidant capacity, and these
parameters change greatly in response to different processing methods (Xu and Chang
2007; Xu and Chang 2008b; Xu and others 2007). It is logical to assume that the
processing induced alteration phenolic composition might affect the ACE inhibitory
activity, but information regarding the effect of thermal processing on ACE inhibition is
not available. Thermal processes induce complex reactions of food matrix and further
affect the composition of extract. Hence, it is necessary to investigate the effect of
heating on the phenolic composition of phenolic extracts and their fractions. This would
shed more insight to the application of phenolic extracts in nutraceutical and functional
foods. Therefore, with the three legumes, the objectives of the current study were (1) to
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investigate the effects of thermal treatment, purification, fractionation on phenolic
substance, antioxidant activity, and ACE inhibition; and (2) to identify phenolic
compounds present in the legume phenolic extracts.
5.2
5.2.1

Materials and Methods
Materials
Amberlite XAD-7 and Sephadex LH-20 resins were purchased from Sigma-

Aldrich Chemical Company (St. Louis, MO, U.S.).
5.2.2
5.2.2.1

Methods
Selection of cooking conditions for samples
In this study, for each legume variety, cooked and raw samples were chosen for

comparison. The cooking conditions were selected based on our preliminary study, which
was a comprehensive investigation to determine the effects of thermal processing on the
retention of phenolic content and antioxidant activity (as demonstrated in Chapter III).
The processing conditions, which gave rise to highest phenolic contents and antioxidant
activities, were chosen to prepare the cooked samples. Lentil was soaked for 2 h and
steamed for 10 min at 100 °C. Black turtle bean was soaked for 2 h and steamed for 30
min at 100 °C. Black soybean was soaked for 4 h and steamed for 50 min at 100 °C.
5.2.2.2

Crude extract preparation
Phenolics were extracted as described in Chaper III (3.2.2.4). The organic solvent

in the extract was removed by vacuum rotary evaporator (38 ºC) and the concentrate was
freeze-dried. The resultant extract powder was designated as crude extract (CE).

102

5.2.2.3

Semi-purification of phenolic extract with XAD-7 resin packed column
Semi-purification of crude phenolic extract was conducted by Amberlite® XAD-7

resin packed column (40 x 2.6 cm, i.d.; bed volume (BV) = 180 mL) according to Zou
and others (2011) with modification. Crude extract was suspended in water and mixed
vigorously. The suspension was centrifuged at 20,000 x g for 15 min and the supernatant
was vacuum-filtered through two layers of Whatman No.3 filter papers. The precipitate
after centrifugation was washed and filtered two more times and the supernatants were
combined. The final crude extract to water ratio was 1:10. Thirty milliliters of clear
solution was loaded on the column. The column was first eluted with water at 4 mL/min
for 1.5 h (2 BV). Then the column was eluted with 80% methanol at 4 mL/min for 2.25 h
(3 BV). The eluate form 80% methanol was collected. After the organic solvent was
removed by vacuum rotary evaporator at 38 ºC, the concentrate was lyophilized and the
resultant powder was designated as semi-purified extract (SPE).
5.2.2.4

Fractionation of semi-purified extract
The semi-purified extract was further fractionated by Sephadex LH-20 resin

packed column (40 x 2.6 cm, i.d.; bed volume (BV) = 180 mL) according to the protocol
reported by Zou and others (2011) with slight modification. Two hundred milligrams of
semi-purified extract was dissolved into two milliliters of distilled water. The solution
was centrifuged at 14,000 x g for 10 min and the supernatant was loaded onto the
column. The column was eluted sequentially by distilled water, 50% ethanol, and 50%
acetone. The flow rate of eluents was set at 0.4 mL/min and the fractions were collected
based on the peaks monitored by a UV detector set at 280 nm. For lentil and black
soybean, four fractions were collected: F1 and F2 (water eluted), F3 (50% ethanol
103

eluted), and F4 (50% acetone eluted). For black turtle bean, three fractions were
collected: F1 (water eluted), F2 (50% ethanol eluted) and F3 (50% acetone eluted). After
the organic solvent was removed from all fractions by vacuum rotary evaporator at 38 ºC,
the concentrate was lyophilized.
5.2.2.5

Flavonoid analysis by HPLC
Flavonoids were separated and quantified according to the methods described by

Xu and Chang (2009). In the current study, an Agilent 1260 Infinity HPLC system
(Agilent Technologies, Santa Clara, CA, U.S.) equipped with diode array detector (DAD)
was used. The column (4.6 mm x 250 mm, 5µm, Zorbax Stablebond Analytical SB-C18,
Agilent Technologies, Rising Sun, MD, U.S.) was set at 34 ºC. Mobile phases A (0.1%
acetic acid in water) and B (0.1% acetic acid in acetonitrile) were used for elution. The
gradient elution was set as follows: 0-5 min, 15% B, 1.0 mL/min; 5-31 min, 15-29% B,
1.5 mL/min; 31-39 min, 29-35% B, 1.5 mL/min; 39-41 min, 35-50% B, 1.5 mL/min; 4151 min, 50% B, 1.5 mL/min; 51-53 min, 50-15% B, 1.0 mL/min; 53-55 min, 15% B, 1.0
mL/min. Compound identification was performed by comparing retention time and
spectrum of sample peaks with those of authentic standards. In this study, two
wavelengths were set: 279 nm (for flavan-3-ol) and 262 nm (for flavone and flavonol).
Identified flavonoids were quantified based on the standard curve of the authentic
compounds. Flavonoid contents were expressed as micrograms per gram of dry material
(µg/g).
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5.2.2.6

Identification of phenolic compounds
Small molecules extracts were subjected to nano LC-MSn analysis using Ultimate

3000 HPLC system and LTQ Orbitrap Velos mass spectrometer (both by Thermo
Scientific). A 45-minute linear acetonitrile gradient from 2-55% was employed at the
flow rate of 0.3 mL/min. Mass spectra were measured in positive mode at highest
Orbitrap resolution of 100,000. The replicate spectral data were analyzed by the peak
alignment and feature (combination of ions retention time, RT, and mass to charge ratio,
m/z) detection software SIEVE 2.1 (Thermo Scientific). Derived monoisotopic Mr values
were scanned against a custom database comprised of monoisotopic masses of known
phenolic compounds using the “small molecule identification” module of the SIEVE
software. These tentative metabolites identifications (based on accurate mass only) were
further followed by LC-MSn analysis (measuring mass spectra of fragmented precursors
to obtain molecule structural information). Two approaches were utilized:
The mass trees of commercially available standards (Table XX) were measured via direct
injection method using LTQ Orbitrap Velos mass spectrometer. The method selected the
non-fragmented molecule, subjected it to collision induced decay (CID) and measured the
fragment spectra (MS2). Three strongest peaks in MS2 spectra were selected for another
fragmentation and spectra were measured (MS3). In analogy, spectra up to MS5 (in some
cases) were measured, creating structure information-rich mass trees for given standard.
Mass trees were uploaded to Mass Frontier 7.0 (High Chem) software and compiled in to
the custom database. The LC-MSn raw files of particular samples were then manually
examined using Mass Frontier software. Mass trees respective to monoisotopic masses of
tentatively identified compounds were compared to custom mass tree database of known
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standards. High Chem high resolution algorithm of Mass Frontier was used for high
confidence matching. Particular MSn spectra were also manually searched against the
mzcloud on-line database (mzcloud.org; 5,893 compounds as of Nov 03, 2016).
The LC-MSn raw files were also analyzed using the Compound Discoverer 2.0 (Thermo
Scientific) software, which allows for automated generation of MSn spectra, their export
to, and matching against the mzcloud database.
5.3
5.3.1

Results and Discussion
Effects of processing, purification and fractionation on phenolic content,
antioxidant capacity and yield of lentil phenolic extract
As shown in Table 5.1, in raw lentil, TPC, TFC, CTC, DPPH, and ORAC values

in the crude extract were 6.8, 4.4, 7.7, 28.5 and 6.7 times those values in lentil seed. In
cooked lentil, TPC, TFC, CTC, DPPH, and ORAC values in crude extract were 7.8, 3.9,
2.9, 7.4 and 6.8 times those values in the lentil seed. Meanwhile, the percentage yields of
raw and cooked lentil were 13.81 and 11.12 %, respectively. The above values showed
that for both raw and cooked lentil, the increases of above-mentioned parameters varied
greatly and some increases were not consistent with the yield. To make the data clear, the
percentage recoveries of each parameter related to the seed are presented in Table 5.1. It
is obvious that the percentage recoveries varied greatly among the parameters and
between cooked and raw lentils. For example, in the crude extract from raw lentil, the
DPPH recovery was 394%, while the TFC recovery was only 61%. This phenomenon
revealed that during concentration with rotary evaporator and freeze-drying, there could
be some interactions of phenolic and other compounds, such as protein and sugar. In fact,
when freeze-dried phenolic extracts were dissolved in water instead of aqueous organic
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solvent, some insoluble residues resulted. As shown in Table 5.4, high contents of protein
were present in the crude extracts from both raw and cooked lentil. The changes in
phenolic composition can lead to different changes in various assays due to the additive,
synergistic and antagonistic effects exerted by complex phenolic mixture and the distinct
assay mechanisms (Wang and others 2011a). After removal of water-soluble compounds
by XAD-7 packed column, the phenolic content and antioxidant activities were further
increased substantially. In raw lentil, TPC, TFC, CTC, DPPH, and ORAC values in semipurified extract were increased by 11.7, 12.0, 10.5, 8.3 and 9.9 times on the basis of those
in the crude extract. In cooked lentil, TPC, TFC, CTC, DPPH, and ORAC values in semipurified extract were increased by 14.0, 21.9, 19.5, 16.3 and 18.3 times on the basis of
those in the crude extract. The semi-purified extract from 100 g of cooked lentil was only
half that from raw lentil. Because crude extracts from raw lentil and cooked lentil
contained similar contents of protein (Table 5.4), the low yield of semi-purified extract
from cooked lentil suggested there might be higher level of soluble sugars in the cooked
crude extract.
As shown in Table 5.1, in general, for both raw and cooked lentil, all measured
parameters in the four fractions exhibited the following order: F1 < F2 < F3 < F4. By
fractionation, the fractions with high concentrations of phenolics and antioxidant
activities can be obtained. In raw lentil, the TPC, TFC, CTC, DPPH, ORAC values in F4
were 104.9, 20.7, 116.3, 384.2 and 92.3 times those values in the lentil seed, respectively;
in cooked lentil, the TPC, TFC, CTC, DPPH, ORAC values in F4 were 260.2, 173.4,
156.2, 199.4 and 244.6 times those values in the lentil seed, respectively. The F4 fraction
which was eluted by 50% acetone was predominantly composed of condensed tannins,
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which had higher antioxidant potential than simple phenolics due to the proximity of
hydroxyl groups and aromatic rings (Hagerman and others1998). However, condensed
tannins especially high-molecular-weight forms are barely absorbed, and can only exert
their antioxidant effect in the digestive tract (Holt and others 2002; Gonthier and others
2003). In addition, the high binding affinity to the dietary protein and digestive enzymes
could reduce protein digestibility and nutritional value (Jimenez-Ramsey and others
1994; Bravo and others 1993). The F3 fraction with high antioxidant potential but
without condensed tannin might be a better choice for human consumption.
It is worth noting that cooking had great effect on the properties of semi-purified
extracts and fractions. In seed, crude extract and semi-purified extract, raw lentil
exhibited significantly (P < 0.05) higher values than cooked lentil. However, in F2, F3
and F4, the opposite trend existed. This discrepancies were in part reflected by the yield
differences between raw and cooked lentil. For example, the mass yield of F4 fraction
from raw lentil was about 250% higher than that from cooked lentil, suggesting the huge
difference of phenolic compositions resulting from thermal treatment.
In summary, phenolic contents and antioxidant activity were substantially
increased through purification and fractionation. For all parameters, the order of
percentage recovery from low to high was F1<F2<F3<f4.
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F4

F3

F2

F1

SPE

CE

Seed

F4

F3

F2

F1

SPE

CE

Seed

Fractions

TPC
mg GAE/g
5.7±0.1gA
38.7±0.0fA
(93.7)
491.3±3.1bA
(86.4)
55.8±0.7eA
(1.7)
114.1±2.8dB
(3.7)
382.4±2.5cB
(8.1)
597.8±5.1aB
(31.1)
2.6±0.0gB
20.2±0.1fB
(86.4)
303.1±0.7cB
(63.8)
46.3±0.5eB
(1.4)
136.6±1.6dA
(6.8)
513.2±1.4bA
(8.4)
676.6±10.6aA
(20.2)

TFC
(mg CAE/g)
3.2±0.0fA
14.1±0.1dA
(60.9)
184.0±0.6aA
(57.6)
5.4±0.2eA
(0.3)
13.8±0.1dA
(0.8)
46.1±0.7cB
(1.7)
66.2±0.7bB
(6.1)
1.4±0.1fB
5.5±0.4dB
(43.7)
125.7±1.0cB
(49.1)
2.6±0.0eB
(0.1)
2.5±0.0efB
(0.2)
313.5±1.1aA
(9.6)
242.8±0.7bA
(13.5)

CTC
(mg CAE/g)
5.8±0.3eA
44.7±0.1dA
(106.4)
513.8±10.1bA
(88.9)
6.7±0.2eA
(0.2)
9.8±0.3eB
(0.3)
361.7±5.9cB
(7.6)
674.8±24.0aB
(34.6)
5.1±0.3deB
14.8±0.1dB
(32.3)
303.8±0.7cB
(32.6)
3.9±0.1eB
(0.1)
11.6±0.1deA
(0.3)
470.8±11.5bA
(3.9)
796.7±9.5aA
(12.1)

DPPH
(µmol TE/g)
12.5±0.3fA
356.8±8.9dA
(394.2)
3308.8±51.6bA
(265.4)
64.8±1.4eB
(0.9)
92.7±2.9eB
(1.4)
3027.8±7.3cB
(29.4)
4802.9±12.7aB
(114.1)
12.4±0.0fA
91.6±0.9eB
(82.1)
1586.3±13.0cB
(70.0)
97.2±1.9eA
(0.6)
158.3±4.4dA
(1.6)
3379.9±40.4bA
(11.7)
6192.3±40.4aA
(38.8)

ORAC
(µmol TE/g)
114.1±6.2fA
761.2±12.4eA
(92.1)
8268.8±159.1cA
(72.7)
962.0±36.1eA
(1.5)
3785.5±79.5dB
(6.1)
8759.8±307.4bB
(9.3)
10526.9±263.2aB
(27.4)
51.0±1.8gB
349.3±1.4fB
(76.2)
6738.9±133.5cB
(72.3)
957.0±35.2eA
(1.5)
5134.6±178.6dA
(12.9)
14891.7±262.0aA
(12.5)
12473.7±260.8bA
(19.0)
14.2

7.82

23.5

14.72

4.92

11.12

29.61

12.1

18.43

17.46

7.26

13.81

%
Yield

0.078

0.043

0.129

0.081

0.547

11.120

0.297

0.121

0.185

0.175

1.003

13.810

Mass
(g)

Effects of processing, purification and fractionation on phenolic content, antioxidant capacity and yield of lentil
phenolic extracta

Data are expressed on dry weight basis. Values marked with different lower case letters in the same column are significantly (p <
0.05) different among different sample types within the same sample processing group (raw or cooked). Values marked with
different capital letters in the same column are significantly (p < 0.05) different between two processing groups for the same
sample type. % Yield is based on the mass of the starting material of each step. Mass yield is the weight (g) derived from 100 g of
beans. The values in parentheses are percentage recovery related to the seed.

a

Cooked

Raw

Table 5.1
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5.3.2

Effects of processing, purification and fractionation on phenolic content,
antioxidant capacity and yield of black soybean phenolic extract
As shown in Table 5.2, for the raw black soybean, TPC, TFC, CTC, DPPH and

ORAC values in the crude extract were 7.7, 4.7, 3.6, 11.3 and 5.2 times those in cooked
black soybean seeds. After removal of water-soluble compounds, these values were
further improved by 9.9, 9.6, 7.9, 5.8 and 9.3 times. For cooked black soybean, TPC,
TFC, DPPH and ORAC values in crude extract was 4.3, 1.6, 2.6 and 2.9 times those in
cooked black soybean seeds. After semi-purification, these values were further increased
by 13.9, 16.3, 11.2 and 16.1 times. All above-mentioned changes were totally different
from those of lentil and black turtle, which will be discussed in this section. Except that
from cooked black soybean, all other 50% ethanol eluted fractions from the three legume
varieties showed high CTC values ranging from 250.0 to 796.7 mg CAE/g. In our current
fractionation system with Sephadex-LH 20, condensed tannins should be present in the
fraction eluted by 50% acetone. This high CTC values must be caused by some flavanol
monomers, which can also react with vanillin due to the lack of specificity of the
vanillin/HCl assay (Schofield and others 2001). The assumption was substantiated by our
following assays presented in Table 5.6, which demonstrated high concentrations of
catechin and epicatechin in F3 from raw black soybean. In F3 of the raw black soybean,
the epicatechin content was 97343 µg/g, whereas in the same fraction of cooked soybean,
no epicatechin was detected. As shown in Table 5.2, cooked black soybean seeds
contained higher CTC than raw black soybean seeds. However, in the crude extracts,
semi-purified extracts, F3 and F4 fractions, the reverse trend existed. The CTC values of
raw crude extract, semi-purified extracts, F3 and F4 fractions were 17.8, 6.9, 14.8, and
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20.2 times those of cooked counterparts. It is might be due to the heating induced
association between flavanol monomers or oligomers and protein (Awika and others
2003). This DP (degree polymerization) dependent association was also reflected by the
extremely low yield of F4 from cooked black soybean (0.007 g/100g from cooked vs 0.07
g/100g from raw). This postulation was supported by the result from the analysis of
individual flavonoids that epicatechin was found in large amount in crude and semipurified extracts from raw black soybean, but epicatechin was not detected in cooked
sample (Table 5.6). In both raw and cooked black soybean, F2 possessed lower (p < 0.05)
total phenolic content but had higher (p < 0.05) ORAC values than F1. This phenomenon
can be explained by the non-specificity of Folin-Ciocalteu assay. In the Sephadex LH-20
elution, sugars and proteins are eluted first and these compounds can react with FolinCiocalteu Reagent (FCR) and augment determined TPC values (Singleton and others
1999). In addition, the ORAC value of F3 from cooked black soybean was more than
twice that from F4, while DPPH value from F3 was only around 60% of DPPH value of
F4. This further demonstrates different reaction mechanisms of the two antioxidant
assays.
In summary, phenolic contents and antioxidant activity were substantially
increased through purification and fractionation. Except CTC in seed, all parameters
from raw black soybean were significantly (p <0.05) higher than those from cooked black
soybean. The low mass yield of F4 from cooked black soybean is worth further
investigation.
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F4

F3

F2

F1

SPE

CE

Seed

F4

F3

F2

F1

SPE

CE

Seed

3.2±0.1gA
24.6±0.5fA
(149.5)
268.1±7.5cA
(115.5)
129.6±0.7dA
(10.8)
114.3±0.7eA
(0.6)
410.7±2.2bA
(13.6)
636.4±0.0aA
(14.4)
1.9±0.1fB
8.2±0.0eB
(77.4)
122.4±2.2bB
(44.8)
84.5±0.6cB
(12.0)
53.9±0.1dB
(1.2)
161.5±2.7aB
(11.1)
160.2±1.7aB
(0.6)

TPC
(mg GAE/g)
2.2±0.0gA
10.3±0.0fA
(91.1)
108.8±0.4cA
(68.2)
19.7±0.1eA
(2.4)
20.9±0.3dA
(0.2)
205.8±1.0bA
(9.9)
429.4±0.0aA
(14.1)
1.0±0.0fB
1.61±0.0fB
(28.9)
27.9±0.6cB
(19.4)
13.8±0.1dB
(3.7)
10.9±0.3eB
(0.5)
59.4±0.6bB
(7.8)
89.4±0.7aB
(0.6)

TFC
(mg CAE/g)
3.9±0.0fB
14.2±0.2dA
(70.8)
126.5±1.9cA
(44.7)
8.4±0.3eA
(0.6)
0.0±0.0fA
(0.0)
250.0±2.5bA
(6.8)
455.4±5.6aA
(8.4)
4.5±0.3dA
0.8±0.0fB
(3.2)
18.3±0.1bB
(2.8)
3.4±0.2eB
(0.2)
0.0±0.0gA
(0.0)
16.9±0.0cB
(0.5)
22.5±0.0aB
(0.1)

CTC
(mg CAE/g)
12.3±0.5gA
139.5±1.7fA
(220.5)
948.6±8.5cA
(106.4)
232.9±0.0eA
(5.0)
283.2±4.1dA
(0.4)
1899.3±13.1bA
(16.4)
2785.1±18.9aA
(16.4)
7.0±0.2gB
18.0±0.1fB
(46.1)
219.7±0.8cB
(21.8)
116.2±1.1dB
(4.5)
102.4±2.9eB
(0.6)
476.6±8.2bB
(8.9)
899.8±9.6aB
(0.9)

DPPH
(µmol TE/g)
89.7±2.0gA
463.4±3.4fA
(100.5)
4779.9±98.2cA
(73.4)
2839.1±27.3eA
(8.4)
3938.8±63.9dA
(0.8)
9703.5±78.2bA
(11.5)
10693.6±70.4aA
(8.6)
62.5±3.4eB
181.3±3.2eB
(52.0)
3099.5±13.6bB
(34.5)
1953.1±51.9dB
(8.4)
2311.3±123.7cB
(1.6)
5913.3±246.8aB
(12.3)
2337.0±66.0cB
(0.3)

ORAC
(µmol TE/g)

1.03

18.72

6.22

38.68

3.88

17.93

5.24

7.7

1.27

19.3

7.09

19.45

%
Yield

0.007

0.130

0.043

0.269

0.696

17.930

0.072

0.106

0.018

0.266

1.379

19.450

Mass
yield
(g)

Effects of processing, purification and fractionation on phenolic content, antioxidant capacity and yield of black
soybean phenolic extracta

Data are expressed on dry weight basis. Values marked with different lower case letters in the same column are significantly (p <
0.05) different among different sample types within the same sample processing group (raw and cooked). Values marked with
different capital letters in the same column are significantly (p < 0.05) different between two processing groups for the same
sample type. % Yield is based on the mass of the starting material of each step. Mass yield is the weight (g) derived from 100 g of
beans. The values in parentheses are percentage recovery related to the seed.

a

Cooked

Raw

Table 5.2
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5.3.3

Effects of processing, purification and fractionation on phenolic content,
antioxidant capacity and yield of black turtle bean phenolic extract
As shown in Table 5.3, for raw black turtle bean, TPC, TFC, CTC, DPPH and

ORAC values in crude extract was 6.6, 3.8, 7.9, 24.0 and 7.5 times those in raw black
turtle bean seeds. After removal of water-soluble compounds, these values were further
improved by 11.3, 15.3, 12.9, 12.2 and 12.5 times. For cooked black turtle bean, TPC,
TFC, CTC, DPPH and ORAC values in the crude extract were 6.3, 3.2, 4.8, 8.0 and 8.6
times those in cooked black turtle bean. After semi-purification, these values were further
increased by 14.3, 17.7, 15.3, 12.9, and 11.6 times. In seeds, crude extracts and semipurified extracts, all measured parameters in the raw black turtle bean exhibited
significantly (p < 0.05) higher values in comparison with those in the cooked black turtle
bean. However, for three fractions, in most cases, those parameters showed the opposite
trend.
As shown in Table 5.3, mass yields of the crude extract, semi-purified extract, F1
F2 and F3 from the raw black turtle bean were all higher than the respective mass yields
from the cooked black turtle bean. In particular, the F3 yield from the raw black turtle
bean was more than three times that from the cooked black turtle bean, which implied the
association between condensed tannin with other macronutrients during thermal
treatment (Awika et al. 2003).
5.3.4

Summary of effect of processing, purification and fractionation on
phenolic content, antioxidant capacity and yield of three legume varieties.
If the three Table 5.1, Table 5.2 and Table 5.3 are compared, it is obvious that the

three legume varieties showed great differences. Black soybean showed higher yields in
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the crude extracts than the other varieties. The yield differences (6.12% of red bean VS
4.55% of adzuki bean) in other legume varieties were also observed by other researchers
(Karamac and others 2007). In general, raw beans showed higher yields than cooked
beans in extracts and fractions. However, Siddhuraju and Becker (2007) found that after
boiling of cowpea at 120 ºC for 20 min, lower extract yield resulted in comparison with
uncooked material. This disagreement might be due to differences of variety and
processing method. In general, lentil and black turtle bean had higher phenolic contents
(TPC, TFC and CTC) and antioxidant capacity (DPPH and ORAC) in crude and semipurified extracts than black soybean. The data derived from the three legume varieties
manifested that the heating mediated changes regarding phenolic substances and
antioxidant activity were variety-dependent. For black soybean, all measured parameters
in the raw material were significantly (p<0.05) higher than their corresponding values in
cooked material. While for the other two legume varieties, no definite patterns were
observed. This disparity can’t be merely attributed to different phenolic compositions.
The distinct food composition might play a vital role. For example, the protein content of
lentil, black soybean and black turtle bean were 22.63, 37.59 and 30.02%, respectively. In
this study, percentage recovery was introduced to monitor the measured phenolic
contents and antioxidant capacities. It was found that in some cases, the percentage
recoveries were more than 100%, especially for DPPH. This phenomenon evinced the
great effects of the composition of phenolic extract and the collective effects of the
components. For example, for the seed, all parameters were determined directly with
extract in organic solvent, while, for crude extract, the parameters were determined with
water solution after freeze-drying.
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F3

F2

F1

SPE

CE

Seed

F3

F2

F1

SPE

CE

Seed

5.9±0.1fA
39.0±0.1eA
(93.1)
479.1±3.8aA
(78.7)
87.3±0.6dB
(3.4)
396.7±1.8cB
(9.4)
461.9±0.4bB
(19.0)
3.4±0.1fB
21.3±0.1eB
(83.1)
325.8±3.1cB
(72.0)
119.8±1.2dA
(6.5)
455.7±3.3bA
(11.0)
515.3±3.4aA
(10.6)

TPC
(mg GAE/g)
3.2±0.2fA
12.1±0.1eA
(53.2)
196.8±0.6bA
(59.6)
24.5±0.1dB
(1.8)
160.0±0.0cB
(7.0)
222.5±1.8aA
(16.9)
2.0±0.1fB
6.3±0.0eB
(41.8)
118.1±0.3cB
(44.4)
30.1±0.1dA
(2.8)
169.8±2.4bA
(6.9)
215.6±1.1aB
(7.6)

TFC
(mg CAE/g)
5.2±0.4fA
40.9±0.4dA
(110.7)
566.8±6.6bA
(105.6)
19.4±1.0eA
(0.9)
405.5±1.4cA
(10.9)
603.6±3.8aA
(28.2)
3.9±0.0eB
18.6±0.1dB
(63.2)
303.8±6.4cB
(58.6)
18.4±0.4dA
(0.9)
377.7±6.5bB
(7.9)
530.6±4.7aB
(9.5)

CTC
(mg CAE/g)
12.1±0.3fB
290.9±1.1dA
(338.5)
3836.1±26.6bA
(307.1)
228.6±2.2eB
(4.4)
3245.3±15.2cB
(37.6)
4259.8±20.1aB
(85.5)
18.4±1.1fA
147.2±1.1eB
(106.1)
2043.6±30.9cB
(83.5)
284.7±1.6dA
(2.8)
3420.5±7.3bA
(15.2)
4343.8±7.3aA
(16.5)

DPPH
(µmol TE/g)
67.9±1.7fA
506.4±6.1eA
(105.0)
6824.8±30.0bA
(97.4)
2155.0±19.3dB
(7.4)
7355.2±146.6aA
(15.2)
6279.9±12.9cB
(22.4)
42.0±1.1fB
362.0±3.6eB
(114.3)
4575.8±61.3cB
(81.9)
3108.3±22.5dA
(13.6)
6864.2±34.5aB
(13.4)
6566.1±94.0bA
(11.0)

ORAC
(µmol TE/g)

9.32

10.88

24.48

5.67

13.26

25.07

14.48

24.00

6.88

14.08

%
Yield

0.070

0.082

0.184

0.752

13.260

0.243

0.140

0.232

0.969

14.080

Mass
yield
(g)

Effects of processing, purification and fractionation on phenolic content, antioxidant capacity and yield of black
turtle bean phenolic extract

Data are expressed on dry weight basis. Values marked with different lowercase letters in the same column are significantly (p <
0.05) different among different sample types within the same sample processing group. Values marked with different capital letters
in the same column are significantly (p < 0.05) different between two processing groups for the same sample type. % Yield is based
on the mass of the starting material of each step. Mass yield is the weight (g) derived from 100 g of beans. The values in
parentheses are percentage recovery related to the seed.

a

Cooked

Raw

Table 5.3
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Table 5.4

Nitrogen content expressed in terms of protein (N x 6.25) of crude and
semi-purified extracts from three legume varieties (%)
Crude

Semi-purified

Raw lentil
8.07±0.05
8.55±0.21
Cooked lentil
8.13±0.11
8.76±0.33
Raw black soybean
4.81±0.10
4.76±0.06
Cooked black soybean
5.11±0.16
4.98±0.13
Raw black turtle
9.78±0.22
9.59±0.20
Cooked black turtle
9.89±0.19
9.59±0.30
*Note: N in the extracts could exist in the form of short peptides, and other nitrogen
containing materials in the legumes.
5.3.5

ACE inhibitory activity of crude legume extracts
It was surprising that ACE inhibitory activity was only observed in crude extracts

even though higher concentrations of phenolics existed in semi-purified extracts and
following fractions. This observed phenomenon was contradictory to our initial
hypothesis that the more concentrated or purified extracts should be more potent in the
ACE inhibition. To further substantiate our results, several pure phenolic compounds
which were reported with high ACE inhibition were selected: 4-dihydroxybenzoic acid
and catechin (Al Shukor and others 2013; Actis-Goretta and others 2006). However, the
two pure phenolic compounds did not exhibit dose-dependent inhibition even up to 1000
µg/mL. After in vitro simulated gastrointestinal digestion, Fernandez and Lavra (2013)
observed similar phenomenon that digest from crude extract of grape seed and skin
showed significantly higher ACE inhibition than their respective condensed tannin
fractions. Based on our findings and the study mentioned above, it might be postulated
that there must be some synergism among phenolic compounds in the inhibition of ACE.
To confirm this, mixture of pure compounds should be tested. It might be also possible
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that some more potent ACE inhibitors were eluted by water due to their high hydrophilic
property. For example, tannic acid, which showed potent ACE inhibitory activity has
high water solubility (Al Shukor and others 2013). The role of peptides from legumes
should not be neglected. ACE inhibition by peptides present in various legumes has been
found (Garcia-Mora and others 2015; Mamilla and Mishra 2017). In addition, as shown
in Table 5.4, protein (measured by Kjeldahl) was also found in crude and semi-purified
extracts. Actually, these nitrogen-containing substances were most likely short peptides
or other reactive compounds that were soluble in the organic solvent, because large
proteins were not likely soluble in organic solvent. This postulations need to be
confirmed by the comparison between the crude extract and semi-purified extract. Also,
the eluate from water elution by XAD-7 needs to be collected and analyzed for ACE
inhibition. Our current study revealed that ACE inhibition was more dependent on
specific phenolic compounds than total phenolics antioxidant activity. As shown in
Figure 5.1, black soybean extracts exhibited highest ACE inhibition with IC50 of raw
extract being 189 µg/mL and IC50 of cooked extract being 204 µg/mL. IC50 values of raw
and cooked extracts from lentil showed no significant differences (p > 0.05). Extracts
from black turtle bean possessed weakest ACE inhibition. The IC50 value of raw black
turtle extract was 530 µg/mL, while the IC50 value of cooked black turtle extract was
1028 µg/mL. For black soybean and black turtle bean, the heating processing
significantly (P <0.05) reduced the ACE inhibitory activity. If the mass yields (Table 5.13) were considered, raw crude extracts might be a better choice for ACE inhibition. If the
IC50 values are compared with TPC values as indicated in Table 5.1, Table 5.2 and Table
5.3, these two parameters were not correlated suggesting ACE inhibitory activity is more
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related to the composition of extract than the sum of phenolics. Some studies have shown
that individual phenolic compounds possess tremendous differences in ACE inhibition
due to structural differences.
In summary, only crude extracts possessed ACE inhibitory activity. For lentil,
crude extracts from cooked and raw materials showed similar ACE inhibition. For black
soybean and black turtle bean, cooking significantly (p < 0.05) decreased ACE inhibitory
activity.

Figure 5.1

ACE inhibitory IC50 values of crude extracts from three raw and cooked
legume varieties.
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5.3.6

Identification and quantification of individual phenolic acids in fractions
Except syringic acid in black soybean, which was detected in F2, all other

phenolic acids were detected in the 50% ethanol eluted fractions. As described in Chapter
III, the spectrum of authentic gallic acid exhibited two absorbance peaks at 215 and 272
nm and one valley at 240 nm with 215 nm being the absorbance maximum (Figure 5.2).
For both raw and cooked lentil, in chromatographs of crude extract, semi-purified
extracts, F1, F2 and F3, peaks appeared at the same retention time as that of authentic
gallic acid. Except for F3, all other peaks exhibited very similar spectrum pattern:
absorbance peaks occur at 215 and 262 nm with 262 nm being the absorbance maximum
and 228 nm at the valley (Figure 5.3). After matching the spectra of these peaks with that
of gallic acid standard, only the peak of F3 was deemed as gallic acid and was quantified.
The existence of other compounds, which were co-eluted with gallic acid explained why
free gallic acid was not detected as demonstrated in Chapter III. The presence of gallic
acid in cooked lentil instead of raw lentil proved that free gallic acid can be released from
conjugated or bound forms during heating. However, because only the spectrum of F3
was identical with that of authentic gallic acid standard, as a result, the peak was
identified as gallic acid and quantified. To the best of our knowledge, no other studies
reported the presence of free gallic acid in whole lentil (Zhang and others 2015; Aguilera
and others 2010; Bartolomé and others 1997). Duenas and others (2002) only found free
gallic acid in lentil seed coat. Given the fact that seed coat only comprises 10% of the
total weight, gallic acid in the whole lentil is usually not easy to be identified and
quantified. In Chapter III, it was thought that gallic acid was not present in lentil based on
the spectral parameters. However, through separation by serial eluents, it was discovered
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that gallic acid really existed even though in low amount. This means our current
protocol was workable for identification and accurate quantification of individual
phenolic compounds, which are not well resolved in HPLC.
In F3 of both cooked and raw lentil, protocatechuic acid and p-coumaric acid
were identified and quantified. As shown in Table 5.5, the concentrations of
protocatechuic acid and p-coumaric acid in F3 fractions from cooked lentil were about 9
and 3 times those from raw lentil, respectively. This dramatic disparity between cooked
and raw lentils can be partly attributed to the different mass yields. As shown in Table
5.1, 0.043 g of F3 fraction was obtained from cooked lentil, while 0.121 g of F3 fraction
was obtained from raw lentil. If their contents are expressed on the basis of seed, as
shown in Table 5.5, cooked lentil had 200% more protocatechuic acid and around 20%
more p-coumaric acid than raw lentil. This clearly verified the release of these two
phenolic acids from bound or conjugated forms during thermal processing. pHydroxybenzoic acid ,which was not confirmed in Chapter III was found and quantified
in both cooked and raw lentil. As shown in Table 5.5, cooked lentil had significantly (P <
0.05) higher content of p-hydroxybenzoic acid than raw lentil. The presence of phydroxybenzoic acid in lentil has been reported by several researchers, but the contents
showed great variation ranging from 0 to 100 µg/g (Xu and Chang 2010; López-Amorós
and others 2006; Bartolomé and others 1997). This tremendous disparity can’t be solely
justified by differences of experimental samples. HPLC quantification is largely dictated
by sample purity. As proved by our current study, some compounds, which can be eluted
together making it difficult to identify and quantify. Protocatechualdehyde was found
only in cooked lentil at extremely low levels, which suggests that protocatechualdehyde
120

does not exist in free form unless it was released from complexation with other
compounds.
As Table 5.5 shows, a total of three phenolic acids were identified and quantified
in black soybean. Protocatechuic acid was detected in F3. The spectrum of authentic
protocatechuic acid is characterized by absorbance peaks at 216, 260 and 295 nm with
absorbance maximum occurring at 216 nm. In addition, two absorbance valleys occur at
239 and 280 nm. It should be noted that the spectra of peaks in F1 and F2 were very
similar to that of the authentic standard. As shown in Table 5.5, different from lentil, F3
from raw black soybean contained significantly (p < 0.05) higher protocatechuic acid
concentration than that from cooked black soybean, but if yield mass was considered, raw
seed possessed lower level of protocatechuic acid than cooked seed. If Table 5.5 and
Table 3.7 are compared, we can find that after purification, the concentration of
protocatechuic acid in cooked and raw black soybean could be drastically increased by
864 and 691 folds. As shown in Table 5.5, syringic acid and p-coumaric acid were only
detected in cooked black soybean, which further verifies our assumption that phenolic
compounds can be liberated from complexation with other plant components during
thermal treatments. Correa and others (2010) identified 3 phenolic acid in black soybean
extract: syringic acid, p-coumaric acid and ferulic acid. The ferulic acid might be released
from conjugated form because these researcher treated the black soybean extract with
acid for 60 min at 100 ºC. The reason that protocatechuic acid was not found in their
study might be also due to the acidic thermal treatment which might have destroyed this
compound.
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As shown in table 5.5, three phenolic acids were identified and quantified in black
turtle bean. For all phenolic acids, fractions from cooked black turtle contained
significantly (p < 0.05) higher content than the corresponding fractions from raw black
turtle. As shown in Table 5.3, for cooked black turtle, the mass yield of F2 was 0.082
g/100g, while for raw black turtle the mass yield of F2 was 0.14 g/100 g. If the
concentrations of the three phenolic acids were expressed on the basis of weight of
original materials, in cooked turtle, the contents of gallic acid, ferulic acid, and sinapic
acid would be 4.61, 3.19 and 0.93 µg/g, respectively; in raw black turtle, the contents
would be 4.67, 4.74 and 1.18 µg/g, respectively. Compared with these values, the
respective contents as shown in Table 3.9 were much higher, which indicates there might
be some loss during purification and fractionation steps.
In summary, the current protocol was workable for accurately identify and
quantify individual phenolic acids. Five, three and three phenolic acids were identified
and quantified from lentil, black soybean and black turtle bean, respectively. Thermal
process not only degraded, but also released free phenolic acids from complexation with
other compounds.
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Figure 5.2

Spectrum of authentic gallic acid and the peak appearing at the same
retention time as authentic gallic acid in F3

(derived by Agilent 1260 Infinity equipped with DAD).
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Figure 5.3

Spectrum of peaks appearing at the same retention time as authentic gallic
acid in crude, semi-purified extracts and F1 and F2 fractions

(derived by Agilent 1260 Infinity equipped with DAD).
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RF
RS
CF
CS
RF
RS
CF
CS
RF
RS
CF
CS

Gallic
acid
ND
ND
988.3±2.7C
0.42±0.00B
ND
ND
ND
ND
3307.3±15.7bB
4.64±0.02aA
5640.8±322.4aA
4.53±0.26aA

Protocatechic
acid
165.7±2.7bD
0.20±0.03bD
1482.6±3.5aC
0.63±0.00aC
10148.8±61.4aA
10.78±0.07bB
8600.1±7.6bB
11.2±0.01aA
ND
ND
ND
ND

Protocatechu p-hydroxybenzoic
p-Coumaric
aldehyde
acid
acid
ND
449.1±5.5bB
1064.0.±9.2bC
ND
0.54±0.01bB
1.29±0.01bC
4.9±0.1
2864.6±21.7aA 3581.9±26.7aA
0.002±0.00
1.23±0.01aA
1.53±0.01aB
ND
ND
ND
ND
ND
ND
ND
ND
1998.2±1.5B
ND
ND
2.60±0.00A
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Syringic
acid
ND
ND
ND
ND
ND
ND
828.6±0.7
1.08±0.00

Phenolic acid contents in fractions and corrected phenolic acid content in seeds (µg/g)a
Ferulic
acid
ND
ND
ND
ND
ND
ND
ND
ND
3393.6±1.5bB
4.76±0.00aA
3896.8±1.6aA
3.19±0.00bB

Sinapic
acid
ND
ND
ND
ND
ND
ND
ND
ND
839.7±10.2bB
1.18±0.01aA
1139.9±5.1aA
0.92±0.00bB

Values followed by lower case letters are significantly (p < 0.05) different between thermal treatments (raw and cooked) of the
same legume variety and sample type (seed or fraction). Values followed by different upper case letters are significantly (p < 0.05)
different across legume varieties and thermal treatments with the same sample type (seed or fraction). Flavonoid contents in seed
were estimated based on percentage yields of purification steps RF: raw fraction; RS: raw seed; CF: cooked fraction; CS: cooked
seed.

a

Black
turtle

Black
soybean

Lentil

Table 5.5
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5.3.7

Identification and quantification of individual flavonoid of fractions
Flavonol and flavone have their characteristic spectra: peaks within 320-385 nm

range are representative of B ring absorption; peaks with 250-285 nm range are
representative of A ring absorption. The increase of number of hydroxyl groups leads to
the shift of maximum absorption to the right. The 3-OH group in flavonols shifts their
maximum absorption wavelength 20-30 nm longer than their flavone equivalents, which
lack this hydroxyl group at this position (Markham 1989). In this study, 280 nm and 262
nm were chosen for the analysis of flavan-3-ol and flavonol subclasses, respectively.
All flavonoids were detected in F3 fraction which was eluted by 50% ethanol. As
shown in Table 5.6, in lentil, only epicatechin was detected. The epicatechin content from
the cooked lentil was 2.78 times that from the raw lentil. However, when expressed on
the basis of lentil bean with consideration of mass yield, the epicatechin content of
cooked lentil was lower than that of raw lentil.
As shown in Table 5.6, two flavonoids were identified and quantified from black
soybean. Epicatechin was only detected in raw black soybean and the content was up to
97343 µg/g. This high level was consistent with the high CTC value in this fraction
(Table 5.2). The vanillin assay employed in the current study is not specific for
condensed tannin. All meta-substituted flavanols can react with vanillin to yield red
adducts. This is why high CTC level were still found in F3 fraction, which should not
contain much condensed tannin. The absence of epicatechin in cooked black soybean
might be due to the heating-induced oxidative condensation or decomposition (Asami
and others 2003). As with epicatehcin, quercetin-3-o-glucoside was only found in raw
black soybean, suggesting the negative effect of thermal treatments. Correa and others
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(2010) identified quercetin o-hexoside in black soybean with LC/ESI/MS, but the sugar
attached was not specified.
In black turtle bean, six flavonoids were identified and quantified. Catechin was
only found in cooked sample, which suggests the heating-induced depolymerization of
condensed tannins. For all flavonoids, thermal processing had significant (p < 0.05) effect
on their contents both in fractions and seeds. The different change patterns of these
compounds upon thermal process reflected their different thermal stability and forms of
existence.
In summary, one, two and five flavonoids were identified and quantified in lentil,
black soybean, and black turtle bean, respectively. Except catechin in black turtle bean,
which was generated through cooking, the contents of all other flavonoids were
decreased by cooking when expressed on bean basis.
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Catechin

Epicatechin

Quercetin-3
glucoside

Kaempferol-3
glucoside

Kaempferol-3
rutinoside

Flavonoid contents in fractions and corrected phenolic acid content in seeds (µg/g)a
Myricetin

RF
ND
3537±7bD
ND
ND
ND
ND
RS
ND
4.29±0.01aB
ND
ND
ND
ND
Lentil
CF
ND
9014±518aB
ND
ND
ND
ND
CS
ND
3.86±0.22bC
ND
ND
ND
ND
RF
ND
97343±95A
1897±28C
ND
ND
ND
RS
ND
103.36±0.10A
2.01±0.03C
ND
ND
ND
Black
soybean
CF
ND
ND
ND
ND
ND
ND
CS
ND
ND
ND
ND
ND
ND
RF
ND
2493±49bE
4106±29aA
2550±27aA
1509±15bB
1642±66aA
RS
ND
3.50±0.07aD
5.76±0.04aA 3.58±0.04aA 2.12±0.02aA 2.30±0.09aA
Black
turtle
CF
23961±538
4094±4aC
3426±93bB
2302±19bB
2236±5aA
1357±15bB
CS
19.60±0.44 3.35±0.00bD
2.80±0.08bB 1.88±0.02bB 1.83±0.00bB 1.11±0.01bB
a
Values followed by lower case letters are significantly (p<0.05) different between thermal treatments (raw and cooked) of the
same legume variety and sample type (seed or fraction). Values followed by different upper case letters are significantly (p<0.05)
different across legume varieties and thermal treatments with the same sample type (seed or fraction). Flavonoid contents in seed
were estimated based on percentage yields of purification steps. RF: raw fraction; RS: raw seed; CF: cooked fraction; CS: cooked
seed.

Table 5.6
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5.3.8

Identification and quantification of individual condensed tannins of
fractions
In the current study, four condensed tannin standards were used for identification

and quantification: procyanidin A2 (epicatechin-(2β→7, 4β→8)-epicatechin),
procyanidin B1 epicatechin-(4β→8)-catechin), procyanidin B2 (epicatechin-(4β→8)epicatechin), and procyanidin C1 (epicatechin-(4β-8)-epicatechin-(4β-8)-epicatechin).
Condensed tannin fractions were eluted with 50% acetone (fraction 4 for lentil and black
soybean and fraction 3 for black turtle bean). The spectrum analysis showed that all the
peaks in these fractions exhibited similar pattern: absorbance peaks at around 232 and
279 nm, which is representative of condensed tannins. However, the three legume
varieties showed different chromatographs not only in the number of peaks, but also in
the retention time of peaks. This chromatographic disparity implied the compositional
differences of condensed tannins. For the same legume variety, the fractions from raw
and cooked materials also exhibited great discrepancy, suggesting the effect of thermal
process.
A2 was not identified in all three legume varieties, and therefore it was not
included in Table 5.7. For lentil, only procyanidin C1 was identified and quantified. As
shown in Table 5.7, the procyanidin C1 content from cooked lentil was more than two
times that from raw lentil. However, after correction for mass yield, the procyanidin
content from cooked lentil seed was significantly lower than that from raw lentil seed.
In black soybean, procyanidin B2 and procyanidin C1 were detected and
quantified. However, there were present only in raw black soybean. The disappearance of
these two condensed tannins after thermal process might be due to the interaction of
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condensed tannins with macronutrients, especially protein during the long processing
duration (50 min 100 ºC steaming) (Awika and others 2003; Le Bourvellec and Renard
2012). For the same type of condensed tannin C1, as described above, in lentil, even
though cooking significantly reduced its content, it did not vanish. The difference might
be partly attributed to the differences of composition and heating conditions of the two
varieties. The contents of protein which had the highest affinity for tannins, of lentil and
black soybean were 22.63 and 37.59%, respectively. The much longer exposure to
heating of black soybean could also enhance the interaction between tannins and
macronutrients either non-covalently or covalently (Le Bourvellec and Renard 2012). In
addition, the composition of higher DP (degree of polymerization) procyanidins can also
affect the content of lower DP procyanidins, because the former types can be converted
to latter types through heating induced cleavage (Awika and others 2003).
In black turtle bean, only procyanidin B1 was identified after cooking, suggesting
this compounds existed only in bound form which was released by heating or was formed
from higher MW condensed tannins by depolymerization.
Because of the lack of condensed tannin standards, most studies in the literature
can only tentatively determine the type of the condensed tannins based on UV spectrum
and MS spectrum (Aguilera and others 2010; Zhang and others 2015). Our current study
for the first time, clearly identified and quantified several low-molecular-weight
condensed tannins and revealed their changes upon heating.
In summary, the three selected condensed tannins were distributed differently in
the three legume varieties and affected greatly by thermal treatments.
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Table 5.7

Condensed tannins in fractions and corrected phenolic acid content in seeds
(µg/g)a

Procyanidin B1
Procyanidin B2
Procyanidin C1
RF
ND
ND
731±38bC
RS
ND
ND
2.17±0.11aB
Lentil
CF
ND
ND
1792±129aB
CS
ND
ND
1.39±0.10bC
RF
ND
1186±48
8287±376A
RS
ND
0.86±0.03
5.99±0.27A
Black
soybean
CF
ND
ND
ND
CS
ND
ND
ND
RF
ND
ND
ND
RS
ND
ND
ND
Black
turtle
CF
2454±139
ND
ND
CS
1.72±0.10
ND
ND
a
Values followed by lower case letters are significantly (p < 0.05) different between
thermal treatments (raw and cooked) of the same legume variety and sample type (seed or
fraction). Values followed by different upper case letters are significantly (p < 0.05)
different across legume varieties and thermal treatments with the same sample type (seed
or fraction). Flavonoid contents in seed were estimated based on percentage yields of
purification steps. RF: raw fraction; RS: raw seed; CF: cooked fraction; CS: cooked seed.
5.4

Identification of phenolic compounds
The identification of phenolic compounds in the three legume compounds has

been conducted by other researchers. However, without standards, even with MS, the
compounds can only be tentatively identified. In addition, as we discussed above, some
compounds could be misinterpreted due to the co-elution of other compounds. In our
current study, we created our own database with known standards and employed mzcloud
on-line database. Therefore, the compounds listed below were identified with high
confidence.
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Table 5.8

Phenolic compounds identified in three legume varieties.

Groups

Compounds
Lentil Black soybean Black turtle bean
Gallic acid
n
n
y
Protocatechuic acid
y
y
n
4-hydroxybenzoic acid
y
y
n
P-coumaric acid
y
y
n
Vanillic acid
y
y
n
Caffeic acid
y
y
n
Phenolic acids
Ferulic acid
y
y
y
syringaldehyde
y
n
n
Trans-cinnamic acid
n
n
y
Chlorogenic acid
n
n
n
Syringic acid
n
n
n
2,3,4-trihydroxybenzoic acid
n
n
n
Sinapic acid
y
y
y
Kaempferol
y
y
y
Catechin
n
n
n
gallocatechin gallate
n
n
n
Epicatechin
y
y
y
Epicatechin gallate
n
n
n
Epigallocatechin
n
n
n
Epigallocatechin gallate
n
n
n
Cyanidin
n
y
n
Kaempferol 3-rhamnoside
y
y
n
Flavonoids
kaempferol-3-O-rutinoside
y
y
y
kaempferol-3-O-glucoside
y
y
y
Kaempferol 3-(6''-malonylglucoside) y
y
n
quercetin-3-O-glucopyranoside
n
y
y
Myricetin
n
n
y
Apigenin
y
y
n
Pelargonidin
n
y
n
Genistein
n
y
n
Glycitein
n
y
n
Genistin
n
y
n
Procyanidin B2
n
y
n
Condensed tannins
Procyanidin C1
y
y
n
Riboflavin
y
n
n
Indole-3-acrylic acid
n
n
y
Carvone
n
y
n
Indole-3-acrylic acid
n
y
n
Other compounds
N,N'-Dicyclohexylurea
n
y
n
Adenosine
n
y
n
3-Nitro-2-6-dipiperidinopyridine
n
n
y
Ellagic acid
n
n
n
Polydatin
n
n
n
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5.5

Conclusion
By purification and fractionation, phenolic contents and antioxidant activity could

be substantially increased. Cooking and legume variety had a great effect on the mass
yield of the resultant extracts and fractions. Contrary to our postulation, only crude
extracts exhibited ACE inhibition which was also affected by cooking and legume
variety. With current chromatographic method, individual phenolic compounds could be
identified and quantified and it was demonstrated that thermal treatments not only
degraded but also liberated phenolics from complexation with other food components.
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CHAPTER VI
PURIFICATION AND IDENTIFICATON OF PEPTIDES WITH ACE-INHIBITORY
ACTIVITY
6.1

Introduction
Since the finding of ACE inhibitory peptide from snake venom, a lot of bioactive

peptides have been separated from various food sources after fermentation, enzymatic
hydrolysis and other processing methods. However, after digestion by human digestive
system, the structure of peptides might change and hence alter the physiological
properties. Wu and Ding (2001) found that after oral administration of soy ACE
inhibitory peptides in SHR, there were no significant differences in the ACE activity
from aorta, serum and lung when compared with control group. Even though some ACE
inhibition studies have been reported, there is little information regarding in vitro
digestion of lentil, black soybean, and black turtle. As the legume varieties with higher
phenolic content and antioxidant capacity, it is imperative to further investigate their
peptide profile after in vitro digestion, especially to make a meaningful comparison under
the same assay conditions. Even though hypertension is a complex pathogenesis
involving a plethora of reactions and various systems including neuronal, renal and
cardiovascular systems, reactive oxygen radicals (ROS) is believed to be a central
pathway and plays a vital role in the development of hypertension. ROS not only cause
cell injury, they are also key signaling factors which mediate kinase phosphorylation,
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transcription factor activation, iron homeostasis control (Touyz and Briones 2011; Ray
and others 2012). Exogenous antioxidants intervention had been associated with the
amelioration of high blood pressure (Xuan and others, 2013; Yao and others 2012;
Rodrigo and others 2008). Except ACE inhibitory activity, the antioxidant capacity of
peptides of legume proteins should also be investigated. The objective of this study was
to determine antioxidant capacity and ACE inhibitory activity of peptides from three
phenolic rich legumes after in vitro GI simulation digestion and to identify the potent
peptides.
6.2
6.2.1

Materials and Methods
Materials
Blue dextran 2000 (MW: 2,000,000), cytochrome c (MW: 12400), aprotinin

(MW: 6500), Vitamin12 (MW: 1335) and glutathione reduced (MW: 307) were
purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, U.S.).
6.2.2
6.2.2.1

Methods
Preparation of protein isolates
Protein isolates were made according to reported protocols of Rui and others

(2011) and Boye and others (2010) with some modifications. Only black soybean was
defatted before protein extraction because of high lipid content. In brief, beans are ground
into flour with a Retsch Z-mill (Retsch GmbH, Haan, Germany) equipped with 0.5-mm
ring sieve. Black soybean flour was defatted with acetone (1:5, w/v) in orbital shaker for
1 h for two times and the defatted flour was air-dried overnight under hood. Twenty
grams of flour (after defatting for black soybean) were dispersed in 200 mL of deionized
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water in 250-mL centrifuge bottles, and then the pH was adjusted to 9 by 1 M NaOH.
The suspension was shaken for 1 h at room temperature. The slurry is then centrifuged at
12,000 x g at 4 °C for 30 min (Sorvall RC 5B Plus, Thermo Fisher Scientific, MA, U.S)
and the precipitate was discarded. The supernatant obtained was subjected to acid
precipitation by adjusting the pH to 4.5 using 1 M HCl solution. After centrifugation
using the same conditions as above, the precipitates obtained were re-solubilized in
deionized water and pH was adjusted to 6.5 to resemble the pH of legumes. Then the
protein isolate suspension was heated for 10 min at 100 °C to reduce anti-nutrients
especially trypsin inhibitors. Because all legumes are eaten after cooking, this step would
make the digestion more like in real scenario. Samples were freeze-dried for later use.
6.2.2.2

In vitro gastrointestinal simulation digestion of protein isolates
This procedure was the same as that described in Chapter III.

6.2.2.3

Separation of hydrolysates from protein isolates with Amicon stirred
ultrafiltration cell
Protein hydrolysate was dissolved in deionized water to prepared 1mg/mL

solution. A 400-mL Millipore Stirred Ultrafiltration Cell was used to separate peptides
according to their molecular weights. Membranes with molecular weight cut-offs
(MWCO) of 30,000, 10,000 and 3,000 Daltons were used to separate digests into four
fractions: >30 kDa, 10-30 kDa, 3-10 kDa and <3 kDa. The stirring speed was set at 350
RPM. Pressures employed for 30 kDa, 10 kDa and 3 kDa membranes were 15, 15 and 50
psi, respectively. The fractions were freeze-dried.
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6.2.2.4

DEAE anion exchange chromatography of peptides
The peptide powder with molecular weight less than 3 KD was dissolved in

distilled water with final concentration of 50 mg/mL. An aliquot of 2 mL of peptide
solution was loaded onto a 2.6 x 40 cm column packed with DEAE resin. Gradient
elution was employed from 0 to 2 M NaCl in phosphate buffer (0.05 M, pH 7) with flow
rate at 1.2 mL/min. The elution was monitored by UV detector set at 280 nm and peaks
were plotted on a paper chart recorder. Eluate was collected with a fraction collector
(Fraction Collector CF-2, Spectrum Chromatography, Houston, TX, U.S.). The fractions
collected based on peaks were pooled and lyophilized. The lyophilized powder was
stored at -20 ºC until use.
6.2.2.5

Gel filtration of peptides
A Superdex Peptide 10/300 GL column (10 x 300 mm, GE Healthcare Life

Sciences) was used coupled with Agilent 1260 Infinity HPLC system. Selected peptide
fractions with high ACE inhibition from DEAE ion exchange chromatography were
dissolved in 30% aqueous acetonitrile and adjusted the protein content to around 7
mg/mL. An aliquot of 0.2 mL peptide solution was loaded onto the column and eluted
with 30% acetonitrile. The HPLC detector was set at 214 nm and flow rate was set at 0.3
mL/min. The fractions were collected and were pooled based on peaks.
6.2.2.6

BCA method for protein analysis
Protein contents of fractions and hydrolysates were measured by BCA method

(Smith and others 1985). Reagent A, consisting of 1% BCA-Na2, 2% Na2CO3, 0.16%
Na2tartrate.2H2O, 0.4% NaOH, and 0.95% NaHCO3, was prepared and the final pH
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adjusted to 11.25 by 50% NaOH. Reagent B of 4% CuSO4 was also prepared. The
working reagent was prepared by mixing reagent A and B at the volume ratio of 50:1.
One hundred microliters of sample were mixed with 2 mL of the working solution, and
incubated at 60 ºC for 30 min. The absorbance was measured at 562 nm after cooling to
room temperature. Bovine serum albumin (BSA) was used as a reference protein for
constructing a standard curve.
6.2.2.7

Analysis of molecular weight distribution of fractions
The estimation of molecular weight of fractions after size exclusion

chromatography was performed according to the method reported by Yang and others
(2011) with modification. Blue dextran 2000 (MW: 2,000,000) was used to calculate V0.
Cytochrome C (MW: 12400), aprotinin (MW: 6500), Vitamin B12 (MW: 1335) and
glutathione reduced (MW: 307) were eluted under the same condition as samples and the
Ve was recorded.
Kav = (Ve-V0)/(Vc-V0)

(6.1)

where Kav is the partition coefficient; Ve is the volume of mobile phase required to elute
standard or sample; V0 is the volume of the mobile phase required to elute blue dextran
2000; Vc is the volume of the column. The standard curve was constructed by plotting the
Kav values against the log of the molecular weight of standards.
6.3
6.3.1

Results and Discussion
Antioxidant capacity, ACE inhibitory activity and peptide distribution of
fractions after ultrafiltration separation with Amicon cell
For lentil, the fractions over 3 kDa showed comparable ACE inhibitory activity.

For black soybean and black turtle bean, the ACE inhibitory activity increased with the
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decrease of molecular weight. The different ACE distribution reflected their disparate
protein sequences. However, for all legume varieties, the fraction less than 3 kDa
exhibited the highest ACE inhibition. This trend was inconsistent with the weak
correlation between DH and ACE inhibition of hydrolysates as demonstrated in Table
4.4. This might be due to the involvement of other ACE inhibitory components in whole
beans, such as phenolic compounds. In the lowest-molecular-weight fractions (<3kDa),
the three legume showed similar ACE inhibition. However, in other fractions and
hydrolysates, lentil showed highest and black turtle showed the lowest ACE inhibition.
For black turtle bean, the fraction greater than 30 kDa almost had no ACE inhibition. For
lentil and black soybean, the protein recoveries of fractions lower than 3 kDa were 51.75
and 31.75%, respectively. For black turtle, this fraction accounted for 12.35%, but the
fraction greater than 30 kDa was 58.17%. This might be due to the incomplete digestion
of black turtle protein. The compact structure, high percentage of β-sheet secondary
structure, and high degree of glycosylation of phaseolin, the predominant proein in
comman beans, limit access of various proteases (Luna-Vital and others 2015; Rui and
others 2011; Carrasco-Castilla and others 2012). The incomplete hydrolysis of black
turtle bean was proved by the SDS-PAGE. As shown in Figure 6.1, after hydrolysis, for
lentil and black soybean, all the major intense bands disappeared with the generation of
some faint bands. However, for black turtle bean, some intense high-molecular-weight
bands remained after in vitro digestion.
For all legume varieties, high TPC values were found in all hydrolysates and
fractions. Soluble phenolics can be co-extracted with protein, and bound phenolics either
associated with protein or other compounds can be released under acidic and alkaline
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enzymatic digestion (Martínez-Villaluenga and others 2009; Garcia-Mora and others
2015). Various phenolic compounds have been found in soybean isolate by Seo and Morr
(1984). However, because of the lack of specificity of Folin-Ciocalteu assay, other
oxidizable compounds such as tyrosine, tryptophan and some sugars can interfere and
augment the measured TPC value. In our current study, the high TPC values should be
mainly contributed by peptides because the acetone extracts of hydrolysate only showed
low TPC values (data not shown). For lentil and black soybean, the > 30 kDa fraction had
the highest TPC values. For black turtle, this fraction had the second highest TPC value.
It is obvious, as shown in Table 6.1, the DPPH scavenging activities increased with the
peptide size. This observed trend is contrary to that of Girgih and others (2011), but
similar to the result of Li and others (2008). The former researchers hydrolyzed hemp
protein isolate with pepsin and pancreatin, and the latter researchers hydrolyzed chickpea
protein isolate with alcalase. The above-mentioned disparity is reasonable because the
enzyme, sequence of original protein all affect the resultant peptide size, amino acid
composition and hydrophobicity which greatly determine antioxidant activity.
Compared with DPPH and TPC, ORAC show different pattern, which suggests
the distinct assay mechanisms.
As shown in Table 6.1, the total antioxidant activities of hydrolysates were not
equivalent to the sum of antioxidant capabilities of all fractions. For example, the ORAC
value of unfractionated lentil hydrolysate was significantly (p < 0.05) higher than
combined ORAC values of all lentil fractions. After sequential hydrolysis of black
Jamapa bean isolate by pepsin and panceatin, Carrasco-Castilla and others (2012) found
that all the fractions separated by size all exhibited lower β-carotene bleaching inhibition
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and reducing power but higher TEAC than the isolate hydrolysate. After the hydrolysis of
three common bean varieties by alcalase, Ariza-Ortega and others (2014) also observed
that all fractions by ultrafiltration showed higher TEAC values than the hydrolysates. All
the findings mentioned above indicate the peptide components exert their antioxidant
power interactively instead of separately and the collective effects depend largely on the
mechanism of the assay employed. The three legume varieties demonstrated pronounced
disparity regarding antioxidant activity, which can be explained by the sequence
difference of their constituent proteins. Amino acids have different antioxidant potential
and antioxidant activity of peptides are not only dependent on amino acid composition,
but also related to their positioning (Sarmadi and Ismail 2010; Rajapakse and others
2005).
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29.52±0.77cdA
44.57±0.91aA
21.48±1.48bB
13.60±1.08cB
17.22±0.22bcB
18.64±1.65bB
42.17±2.65aA
11.14±0.93cC
2.10±0.43eC
5.24±0.33dC
15.80±1.16bC

3-10 kDa

<3 kDa

Hydrolysate

>30 kDa

10-30 kDa

3-10 kDa

<3 kDa

Hydrolysate

>30 kDa

10-30 kDa

3-10 kDa

14.01

15.47

58.17

31.75

30.95

19.16

18.15

51.75

28.17

13.7

6.38

% Protein
distribution
15.55±0.01dA

34.37±1.46c
53.21±0.32a
39.54±0.53bA
31.01±0.20dA
34.54±0.33cB
30.12±0.82bA
33.14±0.59aB
30.94±0.50bB
30.47±0.74bA
34.17±0.12aB
29.89±3.28bcA
32.15±0.45bB
25.64±3.81cB
27.63±0.03bcB
42.56±0.84aA
10.89±0.34cB

15.52±0.51bB

62.30±0.02aA

9.71±0.54dB

9.79±1.23cA

5.85±0.94dC

12.45±0.80bC

22.76±1.15aB

8.46±1.71cB

9.63±0.14eA

30.38±0.18cA

46.13±0.35bA

62.88±4.61aA

DPPH
(µmol TE/g)

TPC
(mg GAE/g)

446.95±20.42b

344.65±6.11c

309.65±5.70d

545.71±27.63a

353.66±4.66c

469.88±2.56b

315.91±10.46d

343.85±8.56d

394.62±10.52c

491.87±3.01a

ORAC
(µmol TE/g)

a

<3 kDa
38.94±2.17aA
12.35
5.61±0.53eB
Values followed by low case letters are significantly (p < 0.05) different among hydrolysate and fractions of the same legume
variety; values followed by different upper case letters are significantly (p < 0.05) different among the same sample type of
different legume varieties.

Black
turtle

27.63±0.99dA

31.59±0.35cA

>30 kDa

10-30 kDa

38.02±1.17bA

Hydrolysate

% ACE Inhibition
at 100 µg/mL

ACE inhibitory activity, antioxidant capacity and protein distribution of legume hydrolysates after ultrafiltration

Black
soybean

Lentil

Table 6.1
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Figure 6.1

SDS-PAGE pattern of protein isolates and hydrolysates from three legume
varieties

1-molecular weight standards in kDa; 2-lentil protein isolate; 3-lentil hydrolysate; 4-black
soybean protein isolate; 5-black soybean hydrolysate; 6-black turtle bean protein isolate;
7-black turtle bean hydrolysate.
6.3.2

Protein distribution and ACE inhibitory activity after DEAE anion
exchange chromatography (AEC) of the < 3 kDa fractions of hydrolysates
from three legume varieties
The three legume varieties exhibited different chromatographic pattern in AEC

(Table 6.2). In general, the first fraction possessed the highest ACE inhibition and
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comprised the majority of the total protein content. As a result, the first fraction of each
legume variety was chosen to be further investigated. Our results were comparable with
that of Wendy and others (2005), who found that after DEAE chromatography of soybean
hydrolysate by in vitro digestion, only the first fraction eluted by 0 M NaCl had ACE
inhibition and the following fractions eluted with higher concentration of NaCl had little
or no inhibition. The quick elution of the majority of peptides in DEAE chromatography
suggests the relatively more positive or neutral property of these peptides in < 3kDa
fraction. This is reasonable if we consider the specificity of the enzymes employed.
Trypsin mainly cleaves peptide bonds on the carboxyl side of arginine and lysine. Amino
acid composition analysis by Lo and Li-Chan (2005) proved that earlier eluted fraction
from DEAE anion exchange chromatography contained more positively charged and less
negatively charged amino acids.
Table 6.2

ACE inhibition and protein distribution of DEAE anion exchange
chromatographya

Protein
distribution
(%)
F1
46.64± 0.07a
90.21
Lentil
F2
8.66±1.24c
9.01
F3
17.39±0.87b
0.79
F1
49.85±1.22a
67.00
F2
30.71±1.75b
25.02
Black
F3
21.56±3.47c
2.94
soybean
F4
47.00±0.28a
2.49
F5
50.79±0.58a
2.57
F1
40.93±4.02ab
61.72
F2
46.28±3.00a
28.22
Black
turtle
F3
34.27±0.59b
7.06
F4
14.08±4.97c
3.01
a
Values followed by low case letters are significantly (p < 0.05) different among different
fractions of the same legume variety.
% ACE inhibition
at 100 µg/mL
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6.3.3

Gel permeation of the peptides from three legume varieties
As shown in Table 6.3, peptides from lentil and black soybean were separated

into four fractions and peptides from black turtle was separated to three fractions. F1
which represented the highest-molecular-weight fraction comprised the major portion of
the peptides. For black turtle, this fraction made up 62% of the total, which reflected the
incomplete digestion of black turtle. For lentil and black soybean, no significant
differences in ACE inhibition existed between F1 and F2. However, F3 showed the
highest ACE inhibitory activity, suggesting the potent peptides were only 2-5 amino
acids long. The peptide size of this fraction would be beneficial to antihypertension
because dipeptides and tripeptides can be absorbed directly to the circulation and reach
the action site intact (Wu and others 2006; Methews and Adibi 1976). Table 6.4 lists
potent ACE inhibitory peptides derived from the three legume varieties, which have been
reported in the literature. These identified peptides are only several amino acids long,
which is consistent with the result of our peptide size analysis. For all the legume
varieties, the lowest-molecular-weight fraction, F4 (mostly amino acids or salt) did not
show any inhibition. Lo and Li-Chan (2005) also found that the fraction of this size
separated from soybean protein isolate digest after in vitro digestion had no ACE
inhibition, and the amino acid analysis proved that low level of peptides existed in this
fraction. According to Table 6.3, this fraction was only a small portion of the total
peptides and peptides of this fraction consisted of less than two amino acids. Our current
study clearly revealed the size distribution and ACE inhibitory activity of the peptides
after in vitro gastrointestinal simulation digestion of protein isolates from three legume
varieties.
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Table 6.3

Peptide profile analysis by gel permeation chromatography
% ACE inhibition
at 100 µg/mL

Lentil

Black
soybean
Black
turtle

Table 6.4

F1
F2
F3
F4
F1
F2
F3
F4
F1
F2
F3

35.26±0.12b
34.11±0.65b
53.53±1.64a
ND
50.07±3.48b
47.35±4.63b
60.92±3.03a
ND
29.09±2.33b
52.16±1.19a
ND

Protein
distribution
(%)
43.21
32.10
18.11
6.58
35.35
32.75
25.45
6.45
62.21
31.68
3.11

MW (Da)
>1675
472-1675
185-472
<185
>1402
472-1402
185-472
<185
>1453
198-1453
<198

Potent peptides reported in the literature

Peptides
DLP
FFYY, WHP
YVVFK,
NWGPLV
LVQGS
IFL, WL
HHL

Sources
Soybean
Soybean

Enzymes
Alcalase
PROTIN SD-NY10

References
Wu and Ding 2002
Tomatsu and others 2013

Soybean

Protease D3

Kodera and Nio 2006

Soybean Koji (Aspergillus oryzae)
Soybean
Fofuyo
Fermented soybean
Soybean
paste

FFL, YLAGNQ,
Soybean
IYLL
KLRT, TLHGMV,
Lentil
VNRLM
DLPVLRWL,
Lentil
EGGLLLPH
PVNNPQIH

Small red
bean

YAAAT, FATGT,
Black bean
ERAF, RKRAAQ

Rho and others 2009
Kuba and others 2003
Shin and others 2001

Pepsin

Chen and others 2003

α-Amylase, pepsin,
pancreatin

Jakubczyk and Baraniak 2013

Savinase

Garcia-Mora and others 2014

Alcalase, papain,
pepsin, trypsin,
α-chymotrypsin

Rui and others 2013

Pepsin, pancreatin

Mojica and others 2015
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6.3.4

IC50 values of hydrolysates and fractions from three legume varieties
Due to the lack of a standard assay for analyzing ACE inhibitory activity, even

though extensive research had been reported with respect to the ACE inhibitory activity
of food-derived peptides, it is hard to make straight comparison between different studies
due to the assay differences in terms of incubation time, enzyme/substrate ratio, buffer,
activity of and amount of enzyme, type of substrate. (Hernández-Ledesma and others
2003). The only similar study reported by Barbana and Boye (2011) indicated that after
sequential digestion of green lentil protein concentrate by pepsin, α-chymotrypsin and
trypsin, the IC50 values was 53 µg/g. This value was much smaller than the value
presented in Table 6.4. But if the protocols from the two studies were compared, the two
values were comparable. In our study, we used 10 mU ACE but these researchers used 2
mU ACE. In addition, the ratio of sample volume and ACE volume were also different.
In this study, the IC50 value of the commonly used anti-hypertensive drug captopril was
used as a positive control. It is obvious that even after several steps of purification, the
legume derived peptide fractions were still much weaker compared with the commercial
drug in the ACE inhibition.
As shown in Table 6.4, the order of IC50 values of hydrolysates from low to high
is lentil < black soybean < black turtle. The distinct difference among the IC50 values
suggests the different potential of the legume varieties in the treatment of hypertension
after consumption. The significantly (p < 0.05) higher IC50 value of black turtle
hydrolysate is partly attributed to its compact structure and high β-sheet content, which
render it resistant to proteases. The low ACE inhibitory activity of black turtle
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hydrolysate is also consistent to the high content of high-molecular-weight peptides
(Table 6.1).
After ultrafiltration, the IC50 values of < 3kDa fractions were drastically decreased
with black turtle showing about 4-fold decrease. IC50 value of <3kD fraction from black
turtle bean was still significantly (p <0.05) higher than those from the other two varieties.
However, the lentil and black soybean exhibited similar ACE inhibition in this fraction.
Anion exchange chromatography continued increasing the ACE inhibitory activity, but
after this step, three legume varieties exhibited comparable IC50 values. After gel
permeation chromatography, the IC50 values decreased by several folds compared with
hydrolysates. For example, the IC50 of black turtle hydrolysate changed from 860 to 93
µg/mL after gel permeation. This means the enrichment of potent ACE inhibitory
peptides can be achieved by current purification steps.
Table 6.5

IC50 values of hydrolysates and fractions from three legume varieties
(µg/g)

Hydrolysate
Ultrafiltration (< 3kDa)
AEC
GPC

Lentil
Black soybean
179.7±2.5aC
311.9±9.8aB
125.0±6.72bB 137.9±6.2bB
117.7±0.01bA 112.3±1.7cB
84.5±3.1dB
64.0±5.8dC
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Black turtle
860.6±42.1aA
180.3±8.1bA
116.0±1.0cA
93.2±3.2dA

Captopril
0.00023

CHAPTER VII
OVERALL PROJECT SUMMARY AND FUTURE WORK RECOMMANDATION
In this project, three phenolic-rich legume varieties (lentil, black soybean and
black turtle bean) were thermally processed by steaming and boiling under a broad range
of combinations of times and temperatures. Our current study demonstrated that thermal
processing had significant effects on phenolic contents and antioxidant capacity, and the
effects varied with respect to different legume varieties. All thermal treatments could
substantially reduce the total phenolic content. However, some thermal treatments could
cause increase of CTC in black soybean and DPPH in black turtle bean. In general,
steaming preserved more phenolics and antioxidant activity than boiling. Some phenolic
acids only existed in the free form, and some phenolic acids were present in both free and
bound forms, in which, the bound form made up the major portion. During thermal
treatments, generally, the total phenolic acid content would decrease due to degradation,
but some free phenolic acids might be released from complexation with other
compounds.
The processed legumes were also subjected to in vitro GI simulation digestion.
The resulted showed that thermal treatments had significant effects on the DH, TPC,
DPPH and ACE inhibition of the resultant hydrolysates. DH did not show consistent
increase with increased heating intensity. In addition, DH had no significant (p < 0.05)
correlation with ACE inhibition, suggesting ACE inhibitory activity was more related to
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peptide sequence. Due to the collective action of phenolics and peptides, hydrolysates
possessed higher antioxidant activity than that from phenolics. Phenolic acid profile from
in vitro digestion was different from that from chemical extraction and it was also
affected by thermal processing conditions. After in vitro digestion, the contents of almost
all phenolic acids were increased, and some phenolic acids which could not detected from
chemical extraction could be found. Data presented in the current study could be a good
guidance for the selection of processing conditions in order to achieve optimal
antioxidant capacity and ACE inhibitory activity. Our current study clearly revealed that
processing and digestion had great effects on the type and content of phenolic acids. In
current study, we not only comprehensively investigated the effects of thermal treatments
on phenolic contents and antioxidant capacity of three phenolic-rich legume varieties, but
also we determined the antioxidant activity, DH and ACE inhibition of the hydrolysates
from these cooked beans after in vitro GI simulation digestion. The results from this
study would provide references for industry and family cooking in the selection of
optimal thermal processing not only from nutritional but also from health-promoting
point of view.
After purification and fractionation, the phenolic content and antioxidant capacity
were drastically increased. Cooking treatment changed not only the mass yields, but also
phenolic contents and antioxidant activity of extracts and fractions. The percentage
recoveries of phenolic contents and antioxidant capacities of extracts and fractions did
not change consistently with their respective mass yields, implying different assay
mechanisms involved and change of the composition after each purification and
fractionation step. After purification and fractionation, some individual phenolic
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compounds could be identified and quantified, which confirmed the concept that some
phenolic compounds could be degraded or released during thermal process. In the present
study, only crude extracts from three legume varieties showed ACE inhibition, which
could be altered by heating. Therefore, it is imperative to further explore why in vitro
ACE inhibitory activity was lost after semi-purification. Based on result of the present
study, our preliminary assumption is that peptides might be the major ACE inhibitors. In
the future study, phenolics would be separated from proteins or peptides and the ACE
inhibitory activity would be determined separately. The compositional difference
between crude extract and semi-purified extract would also be compared in terms of
individual phenolic compounds and peptide contents. The ACE inhibition of water-eluted
fraction of XAD-7 chromatography would be determined and this would verify our
postulation that some peptides and more hydrophilic phenolic compounds might be
eluted by water.
After separation of hydrolysates by ultrafiltration, for all legume varieties, the
lowest molecular weight fractions (<3 kDa) had the highest ACE inhibitory activity, and
the highest molecular weight fractions (>30 kDa) had the highest DPPH values. After
further DEAE and size exclusion chromatography, it was found that the most potent ACE
inhibitory fraction consisted of peptides 2-5 amino acids. Based on IC50 values, the order
of hydrolysates from low to high is lentil<black soybean<black turtle bean. Our previous
studies have proved that lentil extracts could significantly attenuate angiotensin IIinduced hypertrophy and intracellular ROS (Yao and others 2010; Xuan and others
2013). In addition, our lab also reported that black soybean extract could suppress the
proliferation of human AGS gastric cancer cells (Zou and Chang 2011). In the future
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study, the prepared phenolic extracts and fractions which had higher phenolic content and
antioxidant capacity will be used alone or together with protein hydrolysates in cell
culture study. The collective effects of phenolics and peptides either by synergism, or
antagonism or addition are also expected. We assume that the highly enriched phenolics
in semi-purified extracts and the fractions with different phenolic compositions should be
efficacious in the anti-proliferation and the alleviation of intracellular ROS level of
various cancer cell lines. Because in vitro activity of phytochemicals may not reflect their
in vivo functions, animal study should be done in the future.
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